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ABSTRACT 
This thesis describes the synthesis, spectroscopic characterization, 
photophysical properties, and photoinduced processes of a series of novel artificial 
photosynthetic models based on boron dipyrromethenes (BDPs). 
Chapter 1 presents an overview of artificial photosynthetic models, 
including the natural photosynthesis, historical development of artificial 
photosynthetic models and their potential applications. A brief account on BDPs as a 
versatile class of functional dyes is also given. 
Chapter 2 describes the synthesis, characterization, and photophysical 
properties of a triad in which a silicon(IV) phthalocyanine core is axially substituted 
with a BDP and a monostyryl-BDP (MSBDP) moiety. This conjugate covers a broad 
range of absorption in the visible region. It also exhibits an efficient photoinduced 
energy transfer followed by electron transfer process. 
Chapter 3 reports a related pentad in which a silicon(IV) phthalocyanine 
core is substituted with two BDP appended MSBDP units. This conjugate serves as 
another novel artificial photosynthetic model for the study of energy and electron 
transfer processes. The preparation, spectroscopic properties, and photoinduced 
processes of this conjugate are discussed in this Chapter. 
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Chapter 4 reports another approach to construct BDP-porphyrin conjugates 
which can serve as artificial photosynthetic models. In these systems, a 
bis(ethynylpyrenyl) substituted BDP with a meso-pyridyl group is axially bound to 
zinc(II) meso-tetraphenyl porphyrin (ZnTPP) or rutheiiium(II) porphyrin 
[Ru(CO)TPP]. Upon excitation of the pyrene units of these supramolecular systems, 
the energy is transferred to the BDP core, which eventually undergoes an electron 
transfer process from the metallic porphyrins to the axial coordinated BDP. These 
interesting results are reported in detail in this Chapter. 
At the end of this thesis, ^H and NMR spectra of all the new 
compounds are shown in the Appendix. 
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Chapter 1 
Introduction 
Being inspired by the sophisticated natural photosynthesis, artificial 
photosynthesis and conversion of solar energy into other useftil forms of energy have 
been discussed for more than a century] With the increasing understanding of the 
process, components and mechanism of the natural photosynthesis, more and more 
well-defined artificial photosynthetic models have been developed. In this chapter, 
natural photosynthesis will be introduced concisely, then a review of the development 
of artificial photosynthetic models will be given. In addition, a brief account on boron 
dipyrromethenes as a versatile class of functional dyes will also be presented at the 
end of this Chapter. 
1,1 Natural Photosynthesis 
1.1.1 Process of Natural Photosynthesis 
Natural photosynthesis, probably the greatest chemical reaction in the world, 
transforms about 2.5 X 10 '^ kJ of the solar energy into chemical energy every year? 
It satisfies the energy demand of life on the earth, via the following major steps. 
Firstly, the antenna molecules absorb the electromagnetic radiation in the near-UV, 
visible and near-infrared region from the sun, which excites these molecules leading 
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to a series of energy transfer processes. Then, the energy absorbed transfers to the 
“special pair" in the reaction center (RC), where charge separation occurs.^ '"* Finally, 
electron and holes are transported to the catalytic sites in order to prompt the 
evolution of oxygen and reduction of carbon dioxide. The whole process is illustrated 
in Figure 1.1 
O , + ca 
Carbohydrates 
Figure 1.1. A simplified scheme showing the major steps of natural photosynthesis. D 
=donor, A = acceptor, P = special pair. 
1.1.2 Chromophores of Natural Photosynthesis 
With the advancement of technology, the pigment molecules that are involved in 
the antenna and reaction center have been unveiled. Generally, there are three kinds of 
chromophores embedded in the protein matrix (Figure 1.2): '^^  
A. Bacteriochlorophylls with a cyclic 冗-electron system of tetrapyrroles rings (eg. 1.1)； 
B. Phycobilins with an open chain tetrapyrrole (eg. 1.2); 
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C. Carotenoids with a mainly linear chain of conjugated double bonds (eg. 1.3). 
ROOC 
Figure 1.2. Structures of three classes of natural chromophores. 
1.1.3 Mechanism of Natural Photosynthesis 
In addition to the major processes and components of natural photosynthesis, 
scientists have also tried hard to study the mechanism of photosynthesis. 
As early as 1932，Emerson and Arnold conducted a remarkable experiment, 
which revealed that only a small amount of pigments transform the electronically 
excited state into the primary (electro)chemical product.^ That helped Gafifrom and 
Wohl further discover the fact that within the "photosynthetic units”，there are two 
different reactions. Most pigments (over 99%, antenna) are directly involved in the 
light harvesting and energy transfer processes, while very few act as the special pair 
(in reaction center) to induce charge separation. 
Photosynthesis can be categorized into oxygenic (in green plants and algae) and 
anoxygenic (in some bacteria) types. In the oxygenic organisms, there are two types 
M.Phil. Thesis - Yingsi Huang 
of reaction centers, namely RC I and RC II. Both types of RC act in series to promote 
the reactions in catalytic sites. In the anoxygenic organisms, the photosynthetic 
process is driven by either RC I or RC II，which means that the anoxygenic bacterial 
photosynthesis is simpler than the oxygenic one. However, the detailed mechanism 
still remains elusive. 
1.2 Development of Artificial Photosynthetic Models 
The sophisticated photosynthesis process not only attracts the research on the 
natural process, but also prompts the replication in laboratories. Artificial 
photosynthetic models attempt to mimic aspects of photosynthetic energy conversion 
by photochemical processes in synthetic systems. All artificial photosynthetic models 
contain chromophores with visible absorption which can act as the energy or electron 
donor or acceptor. ^ ^ 
Much effort has been directed to the investigation of artificial photosynthetic 
models. Most of them function either as light-harvesting antenna or reaction 
c e n t e r . C o m p o u n d s 1.4-1.7 shown in Figure 1.3 and 1.4 are some of the examples 
19 22 
which have been reported recently. _ 
Compound 1.4 serves as an antenna system. The multi-chromophoric array can 
self-assemble in polar or nonpolar solvents, forming a rod like structure to mimic the 
biosystem.i9 Having covalently linked zinc chlorin (ZnChl) and 2,6-core-disubstitued 
naphthalene diimides (NDINN in blue, NDINO in red), the triad absorbs almost the 
whole visible spectrum. Upon selective excitation of NDINN or NDINO moiety, the 
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absorbed energy is conveyed quantitatively to the ZnChl part in a picosecond time 
scale. The light harvesting efficiency of the whole aggregate is increased by up to 
63% compared to natural bacteriochlorophyll rod aggregates. 
Another antenna example 1.5 was reported later by Kobuke et a l ? The 
trisporphyrin self-assemblies were incorporated into a liposomal membrane, for which 





R- —(HiChiO-^ ^^ -C 
Figure 1.3. Examples of artificial light-harvesting antennas. 
For the reaction center, a long charge separation (CS) lifetime is the common 
goal in molecular design. Compound 1.6 is one of the recent examples having the 
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longest CS lifetime ever reported for triads at room temperature ( r = 630 This 
triad was further modified subsequently to afford tetrad 1.7尸 An even longer lifetime 




Figure 1.4. Examples of artificial reaction centers. 
Although there are numerous examples of artificial antenna or reaction center 
models, systems that connect the antenna and reaction center together are still 
relatively rare. In the following sub-section, these systems are briefly reviewed. 
1.2.1 Models Based on Porphyrins and Fullerene Derivatives 
Extensive studies on artificial light-harvesting antenna and reaction center have 
paved the road for development of more sophisticated conjugates that combine both 
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functions. Among the reported artificial photosynthetic antenna-reaction center 
complexes, porphyrins and fullerene derivatives are the most common components. 
Porphyrins (P) are considered as promising candidates for light-harvesting 
chromophores. They have been widely used in artificial photosynthesis as the 
synthetic analogues of natural chlorophyll (seen in Figure 1.2), Also, porphyrins are 
characterized by high molar absorptivities, high stability, desirable redox properties, 
and ease of synthetic accessibility and structural modification.^^ 
While not mimicking the structure of natural pigments (quinones), fiillerenes 
(Ceo) still hold a great promise to be the electron acceptor in artificial photosynthetic 
models as a result of their excellent redox properties. As the electron acceptors, 
fullerene derivatives have similar first reduction potentials as those of benzoquinone, 
and can reversibly accept up to six electrons in principle. More importantly, in 
fullerene-based systems, photoinduced charge separation is generally rapid and charge 
recombination is relatively slow. 
The artificial photosynthetic model 1.8 was first constructed by Gust et al. in 
1999.23 It consists of four covalently linked zinc tetraarylporphyrins as the antenna, 
and a free base porphyrin-fullerene (P-Ceo) as the reaction center. From the 
time-resolved absorption and emission studies in 2-methyltetrahydrof\iran, excitation 
of the peripheral zinc porphyrin moieties (Pzn) induces a singlet-singlet energy 
transfer to the central zinc porphyrin (Pc) to give (Pzn)3-^ Pc-P-C6o in about 50 ps. The 
absorbed energy is transferred to the free base porphyrin to give (Pzn)3-Pc-^P-C6o, 
which further initiates the electron transfer to produce (Pzn)3-Pc-P'^-C6o". The charge 
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separated state thus formed lasts 1330 ps with a quantum yield of 0.70. The whole 
process mimics the primary steps of natural photosynthesis. Later, model 1.9 was 
constructed to improve the performance of the system.24 In this system, the 3 
-octaalkylporphyrin was changed to the we5o-tetraarylporphyrin, which is different in 
electronic composition, conformation, and redox potentials. This variation led to a 
7.6-fold increase in the rate of energy transfer and the overall quantum yield of charge 
separation is increased to 0.98. 
Figure 1.5. Structures of artificial photosynthetic models 1.8 and 1.9. 
Gust et al. also prepared the triad 1.10，Pzn-P-Ceo, which contains a 
• 25 , ^ 
hexaphenylbenzene as the linkage. The spectroscopic studies in 
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2-methyltetrahydrofuran revealed that after the excitation of the zinc porphyrin 
('Pzn-P-C6o), singlet-singlet energy transfer is followed to give Pzn-'P-C6o(^"= 59 ps). 
The excited free base porphyrin donates an electron to fullerene (t= 25 ps), producing 
Pzn-P'^-C6o". A further charge migration affords Pzn.+-P-C6o.-(r = 167 ps) with a 
quantum yield higher than 0.90. 
1.10 
Figure 1.6. Structure of hexaarylbenzene-linked artificial photosynthetic model 1.10. 
Compounds 1.11 and 1.12 are another two closely related models based on a 
carotenoid polyene (as the antenna) and purpurin-fullerene dyad (as the reaction 
center).26 ft was shown that the carotenoid moiety leads to reasonably efficient energy 
transfer (60% efficiency). The quantum yields of electron transfer for 1.11 and 1.12 
are 0.55 and 0.13, respectively. The lifetime of charge separation is short (ca. 1600 ps) 
which can be attributed to the relatively strong electronic coupling between the 
purpurin and carotenoid. 
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1.11 
1.12 
Figure 1.7. Structures of artificial photosynthetic models with carotenoid polyene 
Anthracene derivatives have also been used as the antennas in the artificial 
photosynthetic models. Compounds 1.13 and 1.14 are two of the recent examples 
(Figure 1.8).^ ^ The five bis-(phenylethynyl)anthracene (BPEA) moieties absorb 
strongly in the 430 to 475 nm region, similar to the carotenoid polyenes in 
photosynthetic organisms. Energy transfer from the BPEA antennas to the porphyrin 
core occurs in a few picoseconds with a quantum yield of unity. The excitation energy 
10 
M.Phil. Thesis - Yingsi Huong 
in porphyrin further induces electron transfer to give BPEA- P..-Ceo.: For heptad 
1.13, the lifetime of the charge separated state is 8.9 ns with a quantum yield of 80%, 
while those for 1.14 are 15.3 ns and 96%, respectively. 
1.13 M = 2H 
1.14 M = Zn 
Figure 1.8. Structures of wheel-shaped artificial photosynthetic models. 
Recently, Ito et al. have constructed two multi-triphenylamine-substituted 
porphyrin-fullerene complexes (1.15 and 1.16) as artificial photosynthetic models.^^ 
The triphenylamine moieties act as antennas and can also enhance the electron 
donating ability of the porphyrin unit. The occurrence of sequential energy transfer 
and electron transfer has been confirmed by the steady-state and time-resolved 
emission studies. The charge separation, on the order of a few microseconds, has been 
observed as the consequence of delocalization of the ；F^ation radical species over the 
11 
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porphyrin and meso-substituted triphenylamine moieties. The quantum yields of 
respectively, in PhCN. 
1.15 M = 2H 
U 6 M = Zn 
Figure 1.9. Structures of two artificial photosynthetic models with 
multi-triphenylamine-antenna. 
1.2.2 Models Based on Boron Dipyrromethenes (BDPs) 
The design of artificial photosynthetic models is not restricted to the previous 
mentioned compounds. Any pigments with appropriate absorption and electronic 
properties can in principle give new properties to the synthetic assemblies. Boron 
dipyrromethenes (BDPs) belong to such kind of chromophores. 
In 2004，Ito et al. reported the first example of photosynthetic models 
constructed by self-assembled supramolecular m e t h o d o l o g y ? in this model (triad 
1.17), BDP performs as the antenna, while the axial coordinated zinc porphyrin (Pzn) 
12 
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and imidazole-appended fulleropyrrolidine (Ceolm) are the reaction centers. Upon 
excitation of BDP, an efficient energy transfer occurs to give C6oIni-^Pzn-BDP with a 
quantum yield of 0.83. Consequently, the excited Pzn leads to electron transfer, 
resulting in the generation of the charge separated state C6oIm -Pzn^-BDP (Acs^ '"®*^  = 
4.7 X 109s-i;a)csSin购=0.9). 
1.17 
Figure 1.10. Structure of the artificial photosynthetic triad 1.17. 
BDPs have also been incorporated into multi-antenna artificial photosynthetic 
models. In the heptad 1.18 reported by Gust et a l ? � t h e antennas are comprised of 
two bis(phenylethynyl)anthracene (BPEA) and two BDP moieties, which are 
covalently linked to the hexaphenylbenzene core. This heptad has absorption covering 
the region from ultraviolet to visible. The solar energy absorbed by the antennas can 
be transferred directly or in a stepwise manner (from BPEA to BDP) to zinc porphyrin 
(Pzn). The excited Pzn then transfers an electron to the C6o in 3 ps to form a charge 
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separated state ( r= 230 ps). The overall quantum yield is close to 1.0. 
MeO 
1.18 
Figure 1.11. Structure of an artificial photosynthetic model with multi-antenna. 
1.2.3 Applications of Artificial Photosynthetic Models 
There are some important potential applications of artificial photosynthetic 
models, solar energy conversion is a traditional one, which has already been 
proposed by the Italian chemist Giacomo Ciamician for a century.' Recently, it has 
been recognized that artificial photosynthetic models can be applied in 
molecular-scale sensors, optoelectronic devices, and other areas of nanotechnology. 32 
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This field of research therefore has attracted considerable attention. 
1.3 Boron Dipyrromethenes (BDPs) 
1.3.1 General 
Boron dipyrromethene (BDP) without substituents (Figure 1.12), was first 
discovered by Treibs and Kreuzer in 1968.33 Although it received little attention for 
the first two decades after the discovery,its analogues have been of great interest as 
one of the most versatile classes of fluorophores recently.^^ They are characterized by 
strong absorption coefficient, high fluorescence quantum yield, good solubility, and 




Figure 1.12. General structure of BDPs. 
More importantly, the properties of BDPs can be tailored through rational 
modification at the meso, pyrrole, or boron sites. At the meso position, alkylation or 
arylation has almost no effect on the absorption and emission profile, as a result of the 
orthogonal geometry of the substituent relative to the n system. Therefore, similar to 
the parent dye, the meso derivatives absorb near 480 nm and emit around 490 nm. By 
contrast, substituents at the pyrrole sites have coplanar geometries to the parent core. 
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These subunits can extend the conjugation resulting in red shift of the absorption and 
emission positions. Substitution at the boron center can also alter the electronic state 
of the BDP core. These characteristics make BDPs promising candidates in many 
fields, such as labeling of biomolecules, sensors, photodynamic therapy, and 
light-harvesting systems, etc.^ "^^ ^ 
1.3.2 Energy Transfer Systems Based on BDPs 
Many organic chromophores suffer from the small Stokes，shift, which hampers 
their optimum use in flow cytometry and fluorescence microscopy. BDPs also share 
the same problem. To overcome this obstacle, synthetic strategies have been 
developed by attaching another pigment to the BDP core to form an energy transfer 
system. As a consequence, a large position disparity in excitation and emission spectra 
can be obtained. 
1.3.2.1 BDPs as Energy Donors 
BDP dyes are well-known fluorophores having excellent photophysical 
properties, which make them ideal components for energy transfer systems. To date, 
many energy transfer systems have been developed using BDPs as the energy donors. 
Figures 1.13-1.17 show some of these examples. 
Porphyrin-based systems having BDP donors have been widely investigated as 
artificial photosynthetic models to study the energy transfer and electron transfer 
processes. They can be applied in molecular photonic devices. Pentad 1.19 is one of 
16 
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the examples designed as a "linear molecular photonic wire" by Lindsey et al.^^ In 
this wire, the BDP dye provides an optical input at one end, a linear array of three 
zinc(II) porphyrins as the signal transmission media, and a free base porphyrin as the 
optical output at the other end (Figure 1.13). When BDP is excited at 485 nm, a highly 
efficient through bond energy transfer takes place from the input end to the output end 
with 76% overall signal transmission efficiency. Systems 1.20 and 1.21 were reported 
as "molecular optoelectronic linear- and T-gates", respectively.^^ For both systems, a 
magnesiuin(II) porphyrin was employed as a switcher which can turn on and off the 
emission of the acceptor via intramolecular charge transfer (ICT). 
Input 
Figure 1.13. Structures of molecular photonic wire 1.19 and molecular optoelectronic 
gates 1.20 and 1.21. 
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In systems 1.22-1.25，the porphyrin cores are attached with one, two, or eight 
BDP imit(s), which act as light-harvesting arrays.^^ The absorption of the blue-green 
BDP imit(s) complements the spectral coverage of the porphyrin chromophore, 
enhancing the light-harvesting abilities of the arrays and facilitating selective 
excitation of the accessory pigment for molecular photonics applications. Efficient 
energy transfer processes (>85%) from the BDP subimit(s) to porphyrin have been 
observed for these conjugates. 
Figure 1.14. Structures of BDP-porphyrin conjugates 1.22-1.25. 
In addition to the covalent synthetic strategy, energy transfer systems can be 
constructed via supramolecular methodology. The supramolecular triad 1.26 was 
designed by Weiss et al.，based on the high affinity of phenanthroline-strapped 
porphyrins for imidazoles.^^ It underwent a sequential energy transfer from the 
excited BDP to zinc porphyrin, then to free base porphyrin. The efficiencies of the 
two steps were determined to be 80% and 85%, respectively. 
18 




Figure 1.15. A stepwise energy transfer in the supramolecular triad 1.26. 
The BDP subunit can also be attached to the axial position of the porphyrin core. 
Energy transfer from the excited BDP axial ligands to the porphyrin was observed in 
1.27-1.30 in non-polar solvents (Figure 1.16)严 Upon irradiation of the BDP part, the 
excitation energy was transferred to Sn(TPP). The efficiencies of this process are in 
the range of 13-40%, which increase as the length of the methylene bridge decreases. 
On the other hand, the BDP ligand quenched the emission of Sn(TPP) moiety at the 
rate constants of 10 -^10^ s \ regardless of the solvent polarity. For 1.29, after exciting 
the BDP chromophore, the opposite phenoxy ligand quenched the excited singlet state 
of the Sn(TPP) core generated by the energy transfer from the BDP moiety. However, 
a rapid back electron transfer might also happen because the absorption of the radical 
anion of Sn(TPP) was not observed by nanosecond laser photolysis. 
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Figure 1.16. Structures of tin(IV) porphyrins axially substituted BDP fluorophores. 
Silicon(rV) phthalocyanines (SiPcs), are porphyrin analogues which can also be 
axially attached to BDPs. The energy transfer cassette 131 has recently been reported 
by our group which represents the first BDP-phthalocyanine array reported (Figure 
1.17).39f By using steady-state and time-resolved fluorescence spectroscopic methods, 
the energy transfer process has been confirmed and the quantum yield has been 
estimated to be 57%. 
Figure 1.17. Structure of SiPc 1.31 axially substituted with two BDP moieties. 
20 
M.Phil. Thesis - Yingsi Huong 
In addition to the above example, our group has also developed two novel energy 
transfer systems based on the lower homologues of phthalocyanines, namely 
subphthalocyanines (SubPcs).^^^ Because the major absorption and fluorescence 
emission positions of SubPcs (ca. 560-570 nm) are complementary with those of 
BDPs (ca. 500-520 nm) and distyryl BDPs (ca. 630-680 nm), the direction of energy 
transfer can be switched by changing the axial BDP ligand. In 132, the absorbed 
energy is transferred from BDP to SubPc, while in 1«33，the absorbed energy migrates 
from SubPc to distyryl BDP. Both processes are highly efficient (98%) due to the 
good spectral overlap. 
1.32 1.33 
Figure 1.18. Structures of SubPcs axially substituted BDP or distyryl BDP moieties. 
In addition to porphyrins and structurally related analogues, other kinds of 
chromophores can also be employed to link up with BDP donors to form energy 
transfer systems. Cassette 1.34, comprising a perylenediimide (PDI) acceptor and four 
BDP donors, was prepared via the click chemistry (Figure 1.19).39h The electronic 
absorption spectrum of this complex is unshifted compared to the spectra of the donor 
and acceptor components, which suggests that the chromophoric components in this 
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complex do not have significant ground state interactions. When this system was 
excited at 526 nm, a very strong emission at 618 nm due to the PDI core was observed, 
rather than the emission of BDP moieties. This implies a highly efficient energy 
transfer from the donor BDP to acceptor PDI (99%). 
1.34 
Figure 1.19. Structure of pentad 1.34, comprised of four BDP donors and a PDI 
acceptor. 
13.2^ BDPs as Energy Acceptors 
Besides acting as the energy donor, BDPs can also be employed as the energy 
acceptor in the energy transfer systems. In other words, the photons absorbed by the 
other chromophores are channeled to the BDP emitter. As a consequence, there is a 
large position disparity in excitation and emission peak and the full benefits of the 
BDP emitter are retained? 
Recently, the BDP-anthracene conjugates 135-1.39 have been investigated by 
Burgess et al. These compounds can be prepared readily by palladium-catalyzed 
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cross-coupling reactions."^ ®® In these conjugates, an efficient photo-induced energy 
transfer occurs from the anthracene unit to the BDP The energy transfer 
efficiencies are determined by the relative orientation of the two components and the 
structures of the linkers. When the donor is coupled to the long axis of the BDP 
acceptor (as in 1.37), the system exhibits a significantly faster energy transfer than 
those with the donors attached to the short axis (as in 138). 
c c o 
Figure 1.20. Structures of BDP-anthracene conjugates. 
Conjugates 1.40-1.42, as highly fluorescent and soluble dual-dye probes, have 
also been synthesized (Figure 1.21).4他 All the three conjugates exhibit efficient 
intramolecular excitation energy transfer from pyrene to BDP core. The rate of energy 
transfer decreases as the center-to-center separation increases. However, in all systems, 
the energy transfer efficiency exceeds 90%. Linking the two pyrene residues by an 
ethyne group leads to a decrease in the energy transfer efficiency with the two 
polycycles acting as a single chromophore. The directly linked BDP-pyrene dual dye 
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Figure 1.21. Structures of BDP-pyrene conjugates 1.40-1.42. 
Apart from the meso and pyrrole sites, these energy donors can also be placed at 
the boron center. Systems 1.43-1.45 contain a BDP core linked to two pyrene or 
perylene units, or a mix of both.偷 Whereas the absorption spectral profiles contain 
important contributions from each of the subunits, fluorescence occurs exclusively 
from the BDP fragment. Intramolecular energy transfer is extremely efficient in each 
case, even though the spectral overlap integrals for the pyrene-based system are 
modest. The asymmetric cassette 1.44 is the most attractive dye for its absorption 
covering most of the accessible solar spectrum. This compound fluoresces strongly 
when dispersed in polymeric media and acts as a highly efficient solar concentrator. It 
also induces a large Stokes’ shift and displays several clear absorption peaks that are 
useful as markers for chemical sensors. 
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1.43 1-44 1.45 
Figure 1.22. Structures of BDP-polycycle triads 1.43-1.45. 
Apart from using pyrene and perylene as energy donors, oligothiophene is also 
capable for this role. The BDP-oligothiophene-based energy transfer system 1.46 has 
been synthesized r e c e n t l y . ^ The absorption, excitation and emission spectra indicate 
that an efficient resonance energy transfer can be achieved in an engineered 
multi-chromophoric assembly consisting of oligothiophene as the donor and BDP as 
the acceptor. By using a bis-BDP-substituted quaterthiophene, the emission of the 
donor was red-shifted. From the length dependence of the absorption and emission 
positions in oligothiophenes, the energetic properties of the donor in such a couple 
can also be tuned. 
> hv' 
hv 
Figure 1.23. Structures of BDP-oligothiophene conjugate. 
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1.3.2.3 BDPs as both Energy Donors and Acceptors 
By linking different types of BDP derivatives together, these versatile 
chromophores can form donor-acceptor cassettes. Fluorescence resonance energy 
transfer (FRET) cassette 1.47 has been prepared (Figure 1.24), in which an acetylene 
linker is employed to combine two BDP chromophores.'^ ^^ Fluorescence spectroscopic 
studies of this compound in a very dilute CHCI3 solution showed that the FRET 
efficiency significantly decreased with increasing the length of the rigid spacer from 
about 98% (n = 1) to ca. 85% (n = 3)，and to ca. 35% (n = 6). 
Despite limited spectral overlap (1.3 X lO]* mmor'cm^) and quite wide spatial 
separation distance (17.9 A), an essentially quantitative excitation energy transfer 
occurs from the peripheral BDP subimits to the expanded BDP core in 1.48 (Figure 
The small degree of residual fluorescence from the normal BDP component 
is useful for ratiometric fluorescence spectroscopy. 
1.47 
Figure 1.24. Structures of FRET cassettes 1.47 and 1.48 composed of two kinds of 
BDP fluorophores. 
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The energy transfer cassette 1.49, which consists of three kinds of BDP 
fluorophores has recently been reported by Qian et al，】® it exhibits a very strong 
absorption in the region from 300 to 700 nm, covering most of the solar spectrum. 
Upon photoexcitation of this compound at 490 or 560 nm, a strong fluorescence 
emission of the central purple BDP dye at 660 nm was observed. The emission is very 
weak for the yellow-green BDP at 520 nm and the pink BDP at 586 nm. As a result, it 
confirms that a highly efficient energy transfer takes place from each donor to the 
acceptor (99%). 
Figure 1.25. Structure of the ene i^ transfer cassette 1.49. 
As a molecular switch, conjugate 1.50 was designed by Diederich et aljia its 
UV-Vis spectrum displays three strong absorption bands, which can be assigned to the 
spacer (322 nm), the donor (529 nm), and the acceptor (619 nm), respectively. It 
exists in a contracted conformation at room temperature. The donor-acceptor distance 
is 7 A. Upon excitation at 490 nm, intramolecular energy transfer occurred from the 
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donor to acceptor. Consequently, a strong emission at 630 nm from acceptor dye was 
observed. Addition of trifluoroacetic acid (TFA) or lowering the temperature to -60 
�C switched the molecule to the expanded conformation, in which the donor-acceptor 
distance is enlarged by 70 A. As a result, the emission from the acceptor disappeared 
completely, whereas fluorescence intensity of the donor doubled. The phenomenon 
suggested that no energy transfer took place in the latter condition. 
Energy Acceptor 
R = n-CgHu 
1.50 
Figure 1.26. Structure of BDP-based molecular switch 1.50. 
Very recently, three different BDP dyes have been connected to a truxene core, 
forming the star-shaped multi-chromophoric array 1.51 (Figure 1.27).4id The 
absorptions of BDP subunits A, B, and C, together with that of truxene, cover a large 
fraction of UV and visible radiation. The emission spectrum of this conjugate is 
dominated by a band peaking at 767 nm, corresponding to the emission of C subunit. 
This indicates that the excited states of A and B subunits, and also of the truxene core 
are efficiently quenched in 1.51 by the presence of the lower-lying C subunit. The 
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efficiency of energy migration is at least 97.5%, depending on the excitation 
wavelength. Both Dexter-type (from the truxene core to the peripheral BDPs) and 
Forster-type (between the peripheral BDP subunits) mechanisms likely contribute to 
the overall energy transfer process. 
.51 
Figure 1.27. Structure of BDP-tmxene array 1.51. 
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Chapter 2 
Synthesis, Characterization, and Photophysical Properties of 
the Triad BDP-SiPc-MSBDP as an Artificial Photosynthetic 
Model 
2.1 Introduction 
Photo-induced energy transfer (ENT) and electron transfer (eT) are two essential 
processes in natural photosynthesis. Photosynthetic organisms employ pigment-rich 
antenna proteins to funnel the captured light energy to the reaction center, where it 
initiates a chain of electron-transfer reactions, resulting in the evolution of oxygen and 
reduction of carbon dioxide in catalytic sites. ^  
Energy transfer and electron transfer also play important roles in various 
optoelectronic devices and artificial systems that conduct solar energy conversion.^ 
Therefore, numerous investigations have been focused on mimicking the function of 
natural photosynthetic antenna and the reaction center.^ These studies pave the way to 
construct more sophisticated artificial photosynthetic models which have combined 
antenna and reaction center. 
Antenna-reaction center model compounds are still relatively rare. Most of them 
make use of porphyrins and fullerene derivatives as building blocks. In fact, the 
design of artificial photosynthetic models is not restricted to these components. Other 
chromophores and redox active compounds can in principle give new properties to the 
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synthetic assemblies.^ Phthalocyanines (Pes) and boron dipyrromethenes (BDPs), for 
example, are such kinds of chromophores. The former are structural analogues of 
natural porphyrins, showing strong absorptions in the UV-Vis region (at ca. 350 and 
670 nm), and desirable photochemical and photophysical properties. BDPs also 
exhibit large extinction coefficients，high fluorescence quantum yields, good solubility, 
and high stability in many solvent systems. The photophysical properties of these 
compounds can be tailored readily via chemical modification of the BDP core. As a 
consequence, these two classes of pigments are promising candidates for artificial 
photosynthetic models. 
Recently, our group has studied the mixed arrays of these chromophores. The 
bis(BDP)-substituted phthalocyanine conjugate 1.31 exhibits a rather efficient energy 
transfer process (OENT = 57%). However, for the bis(mono-styryl BDP)-substituted 
analogue 2.1, an electron transfer process takes place preferentially giving the charge 
separated state with a lifetime of 1.7 士 0.1 ns (Figure 2.1).^ 
Figure 2.1. Photoinduced electron transfer in bis(mono-styryl BDP)-substituted 
silicon(IV) phthalocyanine 2.1. 
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On the basis of this study, we have synthesized a novel BDP-SiPc conjugate 2.2, 
in which a BDP and mono-styryl BDP (MSBDP) are linked to a silicon(IV) 
phthalocyanine (SiPc) core. The absorption and fluorescence emission positions of 
this triad cover a broad range of the visible region (ca. 500-520 nm for BDP, ca. 
560-580 nm for MSBDP, and ca. 680-700 nm for SiPc). Excitation of the BDP moiety 
leads to sequential energy transfer and electron transfer processes, which can mimic 




Figure Sequential energy and electron transfer processes in the triad 
BDP-SiPc-MSBDP(2.2). 
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2.2 Results and Discussion 
2.2.1 Preparation and Characterization 
The triad BDP-SiPc-MSBDP (2.2) and the corresponding building blocks 2.3 and 
2.4 were prepared according to Scheme 2.1. The phenol-containing BDP 2.3 was first 
prepared by treating 2,4-dimethylpyiTole with 4-hydroxybenzaldehyde via sequential 
condensation, oxidation, and complexation reactions. A modified method for the 
preparation of this compound had previously been reported by our group? This 
compound then underwent condensation reaction with 4-methoxybenzaldehyde in the 
presence of piperidine and acetic acid to give the MSBDP 2.4 in 28% yield. Both 2 3 
and 2.4 were then treated with silicoii(IV) phthalocyanine dichloride (SiPcCh) (2.5) in 
the presence of pyridine in toluene to afford the triad 2.2. This compound was purified 
by silica gel column chromatography followed by size exclusion chromatography and 
recrystallization. 
CHO 
(a) TFA, THF 






Scheme 2.1. Synthesis of the triad BDP-SiPc-MSBDP (2.2) and the building blocks. 
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The new BDP derivative 2.4 and the triad BDP-SiPc-MSBDP (2.2) were 
characterized with various spectroscopic methods. Figure 2.3 shows the ^H NMR 
spectrum of triad 2.2 in CDCI3. The two downfield multiplets at 5 9.60-9.72 and 
8.33-8.48 are due to the a and p phthalocyanine ring protons, respectively. The signals 
for the meso /7-phenylene protons of BDP and MSBDP moieties appear as two 
overlapping doublets at 6 5.51 and a multiplet at 5 2.55-2.68, which are significantly 
shifted upfield compared with those for 2.3 (8 7.13 and 6.95) and 2.4 (6 7.16 and 6.96) 
due to the phthalocyanine ring current. The two doublets at 8 7.44 and 6.84 are due to 
the remaining p-phenylene protons of MSBDP moiety, while the other two doublets at 
8 7.33 and 7.03 are due to the vinyl protons. Several singlets are also observed for the 
pyrrolic protons and the methyl protons. These results provide a strong evidence of 
axial substitution of phthalocyanine with BDP and MSBDP moieties. Satisfactory ^^ C 
NMR spectrum of triad 2.2 could not be obtained because of its limited solubility. 
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Figure 2.3. NMR spectrum of BDP-SiPc-MSBDP (2.2) in CDCI3； * denotes the 
residual solvent. 
The fast-atom bombardment (FAB) mass spectrum of 2.2 showed an isotopic 
cluster peaking at m/z 1337 assignable to the molecular ion [M]+. The isotopic 
distribution was in good agreement with the simulated pattern as shown in Figure 2.4. 
Accurate mass measurement also gave a very satisfactory result. 
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Figure 2.4. The molecular ion signals shown in the FAB mass spectrum of the triad 
2.2. The inset shows the corresponding simulated isotopic pattern. 
Scheme 2.2 shows the synthetic routes of the reference compounds 2.6, 2.7, and 
2.8. All of them involve the axial substitution of SiPcCh (2.5) with the 
phenol-containing BDP 2.3 and MSBDP 2.4, and methyl 4-hydroxybenzoate. 
Compounds 2.6 and 2.8 were reported previously by our group. 
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Scheme 2.2. Synthesis of the reference compounds 2.6,2.7, and 2.8. 
The new conjugate 2.7 was characterized with various spectroscopic methods. In 
the ^H NMR spectrum of conjugate 2.7 in CDCI3 (Figure 2.5), the two downfield 
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multiplets at 8 9.62-9.69 and 8.38-8.44 are due to the a and p phthalocyanine ring 
protons, respectively. The phthalocyanine ring current effect contributes to the 
upfield-shift of the doublets of the meso p-phenylene protons in MSBDP moieties, 
which locate at 8 5.53 and 2.62. The two doublets at 8 7.44 and 6.84 are assignable to 
the remaining p-phenylene protons of MSBDP moiety, while the other two doublets at 
6 7.33 and 7.03 are due to the vinyl protons. Several singlets are also observed for the 
pyrrolic protons and the methyl protons. The ^^ C {^H} NMR spectrum of the 
conjugate 2.7 in CDCI3 showed the expected number of signals which are also 
reported in detail in the Experimental section. 
Figure 2.6 shows the matrix assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectrum of the conjugate 2.7. Because of the relatively weak 
Si-0 bond, the spectrum shows the base peak at m/z 997.3126 assignable to the [M -
(MSBDP)]+ fragment. 
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Figure 2.6. MALDI-TOF mass spectrum of the conjugate 2.7. 
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Figure 2.5. ^H NMR spectrum of the conjugate 2.7 in CDCI3； * denotes the residual 
solvent. 
H / r c / B i i 8 m 
C B 6 S :
 1
 ： 
n o i z L . 
s — i i 








300 400 500 600 700 
Wavelength (nm) 
Figure 2.7. Normalized absorption spectra of 2.2, 23, 2.4, and 2.8 in toluene. The 
spectra of 2.2 and 2 3 were normalized at 502 nm, while those of 2,2 and 2.4 were 
normalized at 571 nm, and those of 2.2 and 2.8 were normalized at 682 nm. 
The steady-state fluorescence spectra of compounds 2.2, 23, and 2.6 in toluene 
are shown in Figure 2.8. Upon excitation at 475 nm, where only the BDP moiety has 
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2.2.2 Electronic Absorption and Photophysical Properties 
Figure 2.7 shows the normalized absorption spectra of the triad 2.2，and the 
reference compounds phenol-containing BDP 2,3 and MSBDP 2.4, and SiPc 2.8. The 
triad 2.2 exhibits three major absorption bands at 502, 571, and 682 nm, which are 
virtually imshifted compared with those of the reference compounds. This observation 
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absorption, the triad 2.2 gave an emission band at 686 nm due to the SiPc core. The 
BDP emission at ca. 510 nm could hardly be observed. This could be explained by 
energy transfer from the excited BDP moiety to the SiPc core. However, the emission 
band at 686 nm for 2.2 was much weaker than that of 2.6 (as shown in the inset of 
Figure 2.8). These results suggested that the excited SiPc was partially depopulated by 
intramolecular electron transfer between the MSBDP and the SiPc moieties. 
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Figure 2.8. Fluorescence spectra of 2.2, 23, and 2.6 in toluene with equal absorbance 
at the excitation position at 475 nm. The inset shows the enlarged region from 600 to 
750 nm. 
The excitation spectrum of 2.2 was also recorded by monitoring the SiPc 
emission at 686 nm. As shown in Figure 2.9, the spectrum closely resembles the 
absorption spectrum, except in the MSBDP absorption region. These results provide 
further evidence for the energy transfer process from the BDP moiety to the SiPc core 
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in 2.2. By comparing the normalized excitation and absorption spectra at the BDP 
region (455-520 nm, as enclosed in the figure), the energy transfer quantum yield 
(^ent) was estimated to be 70%. 
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Figure 2.9. Normalized (at 682 nm) absorption and excitation (monitored at 686 nm) 
spectra of 2.2 in toluene. 
It was found that upon excitation of the MSBDP moiety in 2.2 at 530 nm, the 
MSBDP emission at ca. 580 nm was greatly reduced compared with that for 2.4 
(Figure 2.10). A very weak emission band at 686 nm due to the SiPc core was also 
observed. These results showed that the fluorescence emission of 2.2 was quenched 
probably by an electron transfer process. Compared with 2.7, the fluorescence 
quenching of 2.2 was less efficient. That is due to the fact that 2.7 has one additional 
MSBDP moiety to enhance the electron transfer efficiency. 
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Figure 2.10. Fluorescence spectra of 2.2, 2.4, and 2.7 with equal absorbance at the 
excitation position at 530 nm in toluene. The inset shows the enlarged figure in the 
region from 540 to 800 nm. 
In fact, upon excitation of the SiPc core at 613 nm, the fluorescence peaks of 2.6 
and 2.8 almost overlapped, indicating that electron transfer did not occur between the 
BDP unit and the SiPc core. However, the fluorescence of 2.2 was obviously reduced 
compared with the former ones (Figure 2.11). Based on the absorption positions, the 
energy transfer from the excited SiPc core to the MSBDP moiety is energetically 
unfavorable. Hence, the fluorescence quenching should be mainly attributed to an 
electron transfer process. 
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Figure 2.11. Fluorescence spectra of 2.2, 2.6, and 2.8 with equal absorbance at the 
excitation position at 613 nm in toluene. 
Table 2.1 summarizes the absorption and fluorescence data for the triad 2.2 and 
the reference compounds. It was found that upon excitation of the BDP-part of triad 
2.2, the fluorescence quantum yield (Op) of BDP-part emission (0.001) is greatly 
reduced with respect to the reference compound 2.3 (Op = 0.93), mainly attributed to 
energy transfer effect. The value of Op of MSBDP-part emission (0.03) and SiPc-part 
emission (0.09) are also significantly lower than those of the corresponding reference 
compounds 2.4 (Of = 0.56) and 2.8 (Of = 0.43). All these results suggest the presence 
of electron transfer in the triad 2.2. 
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Table 2.1. Absorption and fluorescence data for the triad 2.2 and the reference 
compounds 2.3,2.4,2.6，2.7, and 2.8 in toluene. 
















23 503 (4.99) 513" 0.93® - -
2.4 573 (4.66) 5 8 ” - 0.56^ -
2.8 683 (5.37) 686 e - - 0.43® 
2.6 502 (5.31), 683 (5.44) 685" - - -
2.7 571 (4.96), 682 (4.92) 582 b，686 e - - -
d With reference to rhodamine B in ethanol (Op = 0.49, (for BDP-part and 
MSBDP-part emission of 2.2, 2.3, and 2.4) or meso-tetraphenylporphyrin (H2TPP) in 
//,A^-dimethylformamide (DMF) (Of = 0.1 i f (for SiPc-part emission of 2.2 and 2.8). 
e BDP-part emission ^ MSBDP-part emission 廷 SiPc-part emission 
2.23 Electrochemical Properties 
To further study the electron transfer process of the triad 2.2, cyclic voltammetric 
measurements were conducted. Table 2.2 summarizes the electrochemical data for 
compounds 2.2, 2.4, and 2.8. The results suggest that the triad 2.2 retains the 
properties of MSBDP moiety and SiPc core. By comparing the redox potentials, the 
first oxidation of the triad 2.2 can be assigned to the MSBDP moiety, while the first 
reduction of triad 2.2 can be assigned to the SiPc core. Therefore, for the triad 2.2, the 
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MSBDP moiety is easier to be oxidized than the SiPc core, while the latter is easier to 
be reduced. In other words, the HOMO lies in MSBDP moiety, while the LUMO 
centers in SiPc core in the triad 2.2. 
Table 2.2. Electrochemical data for compounds 2.2，2.4 and 2.8? 
Compd. ^red/V Eojy 
2.2 -0.56, -1 • 11’-1.40 0.87，1.12 
2.4 -1.12 0.92 
2.8 -0.57, -1 .11 1.13 
a Recorded with [Bu4N][PF6] as electrolyte in DMF (0.1 M) at ambient temperature 
with a scan rate of 100 mV s'^ Potentials were referenced to a saturated calomel 
electrode (SCE) using ferrocene as an internal standard (E1/2 = + 0.38 V SCE))� 
The overall free energy change for the electron transfer process (eT) was 
determined by the Rehm-Weller equation:" 
= e[£:i/2(D*+/D) - EmiA/A")] -A£(0,0) - wp 
where e is the charge on the electron, Em is the half wave potential for either the 
donor (D—/D) or acceptor (A/A'') couples in volts, A£:(0,0) is the relevant singlet state 
energy, and w? is a Coulombic interaction term between the oxidized donor and 
reduced acceptor. For polar solvents with a high dielectric constant, this term is 
usually small (<0.1 eV) and is neglected here. 12 
On the basis of the electrochemical data for 2.2 and the value of A£(0,0) for SiPc 
moiety excitation [Ai5:(0,0) = (/i x c) / A^ max(siPc) = 1.82 eV], the value of AG° was 
determined to be - 0.39 eV, showing that the eT from the MSBDP moiety to the SiPc 
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core induced by the excited SiPc moiety is a theraiodynamicdly favorable process. 
2.3 Conclusion 
In conclusion, we have prepared and characterized a novel triad 
BDP-SiPc-MSBDP (2.2) and studied its photophysical properties. Upon the BDP-part 
excitation, the triad exhibits sequential energy transfer from the BDP moiety to the 
SiPc core followed by electron transfer from the MSBDP moiety to the SiPc core. The 
latter process was predicted to be thermodynamically favorable. 
2.4 Experimental Section 
2.4.1 General 
All the reactions were performed under an atmosphere of nitrogen. 
Tetrahydrofiiran (THF), toluene, dichloromethane, pyridine, and DMF were distilled 
from sodium benzophenone ketyl, sodium, calcium hydride, potassium hydroxide, and 
barium oxide, respectively. Chromatographic purifications were performed on silica 
gel (Macherey-Nagel, 70-230 mesh) columns with the indicated eluents. Size 
exclusion chromatography was carried out on Bio-Rad Bio-Beads S-Xl beads 
(200-400 mesh). All other solvents and reagents were of reagent grade and used as 
received. 
and NMR spectra were recorded on a Broker DPX 300 "H，300; ^^C, 
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75.4 MHz) or AVANCE II 400 (^H, 400; '^C, 100.6 MHz) spectrometer in CDCI3, 
acetone-d6, or DMSO. Spectra were referenced internally using the residual solvent 
[1h: CDCI3 (6 7.26) or acetone-dg (6 2.05)] or solvent [^ ^C: CDCI3 (6 77.0) or DMSO 
(6 39.6)] resonances relative to SiMe4. FAB mass spectra were measured on a 
Finnigan MAT 95 XL mass spectrometer. MALDI-TOF mass spectra were taken on a 
Bruker Daltonics Autoflex MALDI-TOF mass spectrometer. 
2.4.2 Photophysical Studies 
UV-Vis and steady-state fluorescence spectra were taken on a Gary 5G 
UV-Vis-NIR spectrophotometer and a Hitachi F-4500 spectrofluorometer, respectively. 
To minimize re-absorption of radiation by the ground-state species, the fluorescence 
spectra were obtained in very dilute solutions where the absorbance was about 0.03 at 
the excited wavelength. 
The fluorescence quantum yields were determined by the equation: 
2 2 
^F(saniple) = ( / ^ s a m p l e / s a m p l e ) ( « s a m p l e /«ref ) % ( r e f ) 
where F, A, and n are the measured fluorescence (area under the emission peak), the 
absorption at the excitation position (325 nm), and the refractive index of the solvent, 
respectively. The subscripts "sample" and "ref denote the sample and the reference, 
respectively. Rhodamine B in ethanol (OW = 0.49)9 and H2TPP in DMF (Ow = 0.11/� 
were used as the references. 
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2.4.3 Electrochemical Studies 
Electrochemical measurements were carried out with a Princeton Applied 
Research Potentiostat/Galvanostat Model 263A analyzer. The cell comprised inlets for 
a platinum-sphere working electrode, a platinum-plate counter electrode, and a 
silver-wire pseudo-reference electrode. Typically, a 0.1 M solution of [Bu4N][PF6] in 
DMF containing the sample was purged with nitrogen for 20 min, then the 
voltammograms were recorded at ambient temperature. Potentials were referenced to 
a saturated calomel electrode (SCE) using ferrocene as an internal standard (E1/2 = + 
0.38 Vv5. SCE).io 
2.4.4 Synthesis 
BDP 2.3.6 Several drops of trifluoroacetic acid (TFA) were added to a solution of 
4-hydroxybenzaldehyde (0.39 g，3.20 mmol) and 2,4-dimethylpyrrole (0.61 g, 6.42 
mmol) in THF (90 mL). The resulting mixture was stirred at room temperature 
overnight. A solution of 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (DDQ) (0.72 g, 
3.16 mmol) in THF (120 mL) was added, and the stirring was continued for another 4 
h. After the addition of triethylamine (16 mL), BF3*OEt2 (16 mL) was added dropwise 
to the mixture, which was kept in an ice bath. It was followed by continuous stirring at 
room temperature overnight. The mixture was filtered through a pad of celite to 
remove the black solid, which was washed with CH2CI2. The filtrate was rotary 
evaporated to dryness, then the residue was dissolved in CH2CI2 (180 mL). The 
solution was washed with 5% NaHCOs solution (200 mL) followed with H2O (200 
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mL X 2), and then dried over anhydrous MgS04. The crude product was purified by 
silica gel column chromatography using CH2CI2 as eluent. Compound 2 3 was 
obtained as an orange-yellow solid (0.40 g, 37%). Rf [silica gel, CH2CI2] = 0.31. ^H 
NMR(400 MHz, CDCI3): 5 7.13 (d, 8.8 Hz, 2 H, Ph-H), 6.95 (d, J = 8.8 Hz, 2 H, 
Ph-H), 5.98 (s，2 H, pyrrole-H), 5.08 (s, 1 H, OH), 2.55 (s, 6 H, CH3), 1.44 (s, 6 H, 
CH3). 
MSBDP 2.4. A mixture of compound 23 (0.30 g, 0.88 mmol), 
4-methoxybenzaldehyde (0.19 g, 1.40 mmol), glacial acetic acid (0.5 ml), piperidine 
(0.6 ml), and Mg(C104)2 (around 0.4 g) in toluene (40 ml) was refluxed for 3 h. The 
water formed during the reaction was removed azeotropically using a Dean-Stark 
apparatus. The crude product was concentrated in vacuo. The residue was subject to 
silica gel column chromatography using ethyl acetate/hexane (2.5:1 v/v) as eluent. The 
pink colored fraction was collected and the solvent was removed under reduced 
pressure to yield the desired product 2.4 as a golden-green solid (0.11 g，28 %), Rf 
[silica gel, CH2CI2] = 0.28. NMR (400 MHz, CDCI3) : 5 7.55 (d, J = 8.8 Hz, 2 H, 
Ph-H), 7.54 (d , J= 17.2 Hz, 1 H, CH=CH), 7.20 (d , J= 16.8 Hz, 1 H, CH=CH), 7.16 
(d, 8.4 Hz, 2 H, Ph-H), 6.96 8.8 Hz, 2 H, Ph-H), 6.90 (d, J : 8.8 Hz, 2 H, 
Ph-H), 6.59(s, 1 H, pyrrole-H), 6.00 (s，1 H，pyrrole-H), 5.12 (s, 1 H, OH), 3.85 (s, 3 
H, OCH3), 2.59 (s, 3 H, CH3), 1.50 (s, 3 H, CH3), 1.46 (s, 3 H, CH3) ； NMR 
(100.6 MHz, CDCI3)： 6 160.4, 156.2, 154.6, 153.3, 142.6, 142.3，140.0，136.0，133.2, 
132.0, 129.7, 129,4，129.0，127.4，121.0, 117.4, 117.0，116.1, 114.2, 55.4，14.9, 14.7， 
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14.6; MS (FAB): an isotopic cluster peaking at mix : 548 {100%, [M]+}; HRMS 
(FAB): miz calcd for C27H25BF2N2O2 [M]+: 548.1972, found 548.1986, 
MSBDP-SiPc-MSBDP 2.7. A mixture of silicon(IV) phthalocyanine dichloride 
(2.5) (32 mg, 0.05 mmol)，MSBDP 2.4 (100 mg, 0.22 mmol), and a small amount of 
pyridine (0.5 mL) in toluene (15 mL) was refluxed for 48 h. The reaction mixture was 
rotary evaporated to dryness. The residue was subject to silica gel column 
chromatography using CHCI3 as eluent. The second purple fraction was collected and 
the solvent was removed under reduced pressure. The crude product was further 
purified by size exclusion chromatography and recrystallization from a mixture of 
CHCI3 and hexane to give 2.7 as a purple solid (12 mg, 16%). Rf [silica gel, CHCI3]= 
0.74. ^H NMR (400 MHz, CDCI3): 6 9.62-9.69 (m, 8 H, a-H), 8.38-8.44 (m, 8 H， 
p-H), 7.44 (d, J = 8.8 Hz, 4 H, Ph-H), 7.33 (d，J= 16.4 Hz, 2 H, CH=CH), 7.03 (d, J 
=16.0 Hz, 2 H, CH=CH), 6.84 (d, J = 8.8 Hz，4 H，Ph-H), 6.32 (s, 2 H, pyrrole-H), 
5.72 (s, 2 H, pyrrole-H), 5.53 (d, J = 8.8 Hz, 4 H, Ph-H), 3.80 (s, 6 H，OCH3), 2.62 (d, 
J = 8.8 Hz, 4 H, Ph-H), 2.38 (s, 6 H, CH3), 0.61 (s，6 H, CH3), 0.59 (s，6 H, CH3)； 
13C{1H} NMR (100.6 MHz, CDC13): 8 160.3, 154.0, 152.7,150.1,149.7, 142.3, 
142.0,139.8,135.6,135.5,132.4，131.6,131.4,131.3，129.3,128.9,127.2,125.8,124 
.0,120.5,118.3，116.9，114.2, 55.3,14.5,14.2; HRMS (MALDI-TOF): m/z calcd for 
C59H4oBF2Nio02Si [M - C27H24BF2N2O2 ]+: 997.3170, found 997.3126. 
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BDP-SiPc-MSBDP 2.2. According to the above procedure, silicon(IV) 
phthalocyanine dichloride (2.5) (20 mg, 0.03 mmol) was treated with compound 2 3 
(14.5 mg, 0.043mmol) and 2.4 (19.5 mg, 0.043 mmol) to give conjugate 2.2 as a 
purple solid (7.5 mg, 17%). Rf [silica gel, CHCI3] = 0.71. ^H NMR (300 MHz, CDCI3): 
8 9.60-9.72 (m，8 H, a-H), 8.33-8.48 (m, 8 H, p-H), 7.44 (d, J= 8.7 Hz, 2 H, Ph-H), 
7.33 (d, J = 16.2 Hz, 1 H, CH=CH) (overlapped with solvent peak), 7.03 (d, J = 16.2 
Hz, 1 H, CH=CH )，6.84 {d,J= 8.7 Hz, 2 H, Ph-H), 6.32 (s, 1 H, pyrrole-H), 5.72 (s, 
1 H, pyrrole-H), 5.70 (s, 2 H, pyrrole-H), 5.52 (d，J= 8.1 Hz, 2 H, Ph-H), 5.50 (d , J = 
8.4 Hz, 2 H, Ph-H) (two overlapping doublets), 3.80 (s, 3 H, OCH3), 2.55-2.68 (m, 4 
H, Ph-H) (two overlapping doublets), 2.38 (s, 3 H, CH3), 2.34 (s, 6 H, CH3), 0.61 (s, 3 
H, CH3), 0.59 (s, 3 H, CH3), 0.57 (s，6 H, CH3); MS (FAB): an isotopic cluster 
peaking at m/z 1337 {100%, [M]+}; HRMS (FAB): m/z calcd for C78H58B2F4N,203Si 
[M]+: 1336.4641，found 1336.4616. 
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Chapter 3 
Synthesis, Characterization, and Photophysical Properties of 
the Pentad SiPc(MSBDP-BDP)2 
3.1 Introduction 
In Chapter 2, we have reported that sequential energy transfer (ENT) and 
electron transfer (eT) processes can be integrated in one conjugate in which 
phenol-containing BDP and MSBDP are linked to a SiPc core (triad 2.2). In this 
Chapter, another novel conjugate, the pentad SiPc(MSBDP-BDP)2 (3.1) is reported. 
Upon excitation, the terminal BDP moieties transfer their energy to the neighboring 
MSBDP units, leading to a further electron transfer to the SiPc core (Figure 3.1). This 
pentad thus also serves as an artificial photosynthetic model. The preparation, 
characterization, and photoinduced processes of this interesting compound are 
reported herein. 
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Figure 3.1. Sequential energy and electron transfer processes in the pentad 
SiPc(MSBDP-BDP)2 (3.1). 
Results and Discussion 
3.2.1 Preparation and Characterization 
Scheme 3.1 shows the synthetic route of the pentad SiPc(MSBDP-BDP)2 (3.1). 
The /7-phenylene linked bis(BDP) 3.2 was first prepared according to the procedure of 
preparing compound 2.3 (Scheme 2.1), which had been reported previously by our 
group，1 using terephthaldicarboxaldehyde instead of 4-hydroxybenzaldehyde as a 
starting material. This compound then underwent condensation reaction with 
4-hydroxybenzaldehyde in the presence of piperidine and acetic acid to give 
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BDP-MSBDP 3.3 in 38% yield. Finally, 3.3 was treated with silicon(IV) 
phthalocyanine dichloride (SiPcCli) (2.5) in the presence of pyridine in toluene to 
afford the pentad 3.1 in 80% yield. This compound was purified by silica gel column 
chromatography followed by size exclusion chromatography and recrystallization. 
Y t 錄 毛 
Scheme 3.1. Synthesis of the pentad SiPc(MSBDP-BDP)2 (3.1). 
The new BDP derivatives 3.2, 3.3, and pentad SiPc(MSBDP-BDP)2 (3.1) were 
characterized with various spectroscopic methods. Figure 3.2 shows the ^H NMR 
spectrum of BDP-MSBDP 3 3 in acetone-d6. It shows a broad signal at § 8.88 for the 
hydroxyl proton. The two multiplets at 6 7.72-7.81 and 7.46-7.61 can be assigned to 
six of the /7-phenylene protons and the two vinyl protons. The doublet at 5 6.95 is due 
to the remaining p-phenylene protons. The six singlets at 8 6.88, 6.18, 2.57, 2.54, 1.67, 
and 1.63 are also observed for the pyrrolic protons and the methyl protons. 
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Figure 3.2. NMR spectrum of BDP-MSBDP 3 3 in acetone-d6； * denotes the 
residual solvent. 
Figure 3.3 shows the ^H NMR spectrum of the pentad SiPc(MSBDP-BDP)2 (3.1) 
in CDCI3. The AA'XX' multiplets at 6 9.62-9.74 and 8.33-8.46 can be assigned to the 
phthalocyanine a and p protons, respectively. Signals for the eight me^o-phenylene 
protons overlap as a singlet at 8 7.44, while the remaining eight /7-phenylene protons 
near the phthalocyanine ring resonate as two upfield-shifted doublets at 8 2.46 and 
5.87，as a result of the ring current effect. The four vinyl protons resonate as two 
doublets at 8 6.76 and 6.37. The remaining singlets at 6 6.20, 5.98，5.97, and 5.94 are 
due to the pyrrolic protons, while the singlets at 8 2.55, 2.48, 1.48，1.46，and 1.40 are 
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for the methyl protons. The pentad 3.1 has limited solubility in common organic 
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Figure 3.3. ^H NMR spectrum of the pentad SiPc(MSBDP-BDP)2 (3.1) in CDCI3； 
denotes the residual solvent. 
Figure 3.4 shows the high-resolution MALDI-TOF mass spectrum of the pentad 
SiPc(MSBDP-BDP)2 (3.1). It gives the base peak at m/z 1213.4255 assignable to the 
fragment [M - (BDP-MSBDP)]+. 
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Figure 3.4. MALDI-TOF mass spectrum of the pentad 3.1. 
Compounds 3.4 and 3.5 were also prepared as the reference compounds 
according to the steps shown in Scheme 3.2. Compound 3.5 is a new compound. The 





(59%) Acetic A c i d , Piperidine 
Mg(CIO)4, Toluene 
(10%) 
Scheme 3.2. Synthesis of 3.4 and 3.5 as reference compounds. 
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Figure 3.5. Normalized absorption spectra of 3.3, 3.4, and 3.5 in toluene. The spectra 
were normalized at the absorption peaks of the corresponding compounds. 
The steady-state fluorescence spectra of BDP-MSBDP 3 3 and 3.4 are shown in 
Figure 3.6. Upon excitation at 470 nm, where only the BDP moieties have absorption, 
compound BDP-MSBDP 3.3 gave an emission band at 593 nm due to the MSBDP 
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3.2.2 Ground-State Electronic Properties and Energy Transfer Processes of 
BDP-MSBDP 3.3 
Figure 3.5 shows the normalized absorption spectra of dyad BDP-MSBDP 3.3, 
and the reference compounds 3.4 and 3.5 in toluene. The absorption bands of 
BDP-MSBDP 3.3 at 506 and 584 nm are red-shifted by 4 and 12 nm compared with 
those of the reference compounds 3.4 and 3.5, respectively, indicating some degree of 
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Figure 3.6. Fluorescence spectra of 3.3 and 3.4 in toluene with equal absorbance at 
the excitation position at 470 nm. 
To further investigate the energy transfer process in BDP-MSBDP 3.3, the 
excitation spectrum of BDP-MSBDP 3 3 was recorded by monitoring the MSBDP 
emission at 593 nm. As shown in Figure 3.7, the spectrum closely resembles the 
absorption spectrum, confirming the energy transfer process in 33. By comparing the 
normalized excitation and absorption spectra at the BDP region (455-530 nm, as 
enclosed in the figure), the energy transfer quantum yield (OENT) was estimated to be 
70%. 
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moiety. The BDP emission at ca. 513 nm (as shown in the spectrum of 3.4) could 
hardly be observed. This observation suggested the presence of energy transfer from 
the BDP unit to the MSBDP unit in 3.3. 
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Figure 3.7. Normalized (at 586 nm) absorption and excitation (monitored at 593 nm) 
spectra ofBDP-MSBDP 3.3 in toluene. 
3.2.3 Photophysical Properties of the Pentad SiPc(MSBDP-BDP)2 (3.1) 
Figure 3.8 shows the normalized absorption spectra of the pentad 
SiPc(MSBDP-BDP)2 (3.1) and the reference compounds 3 3 and 2.8. The spectrum of 
3.1 shows three major bands at 506, 586, and 683 nm, which are almost unshifled 
compared with those of 3 3 and 2.8. This observation indicates that the chromophoric 
components in 3.1 do not have significant ground-state interactions. 
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Figure 3.8. Normalized absorption spectra of 3.1，33, and 2.8 in toluene. The spectra 
of 3.1 and 3.3 were normalized at 586 nm, while those of 3.1 and 2.8 were normalized 
at 683 nm. 
Figure 3.9 displays the steady-state fluorescence spectra of compounds 3.1, 3.3, 
and 3.4 in toluene. Upon excitation of the BDP moiety at 470 nm, the fluorescence of 
the pentad 3.1 was mostly quenched. By careful examination of the data, a very weak 
emission peak at 586 nm corresponding to the MSBDP moieties was detected. This 
observation implies that in the pentad 3.1, the excited BDP moieties transferred 
energy to the MSBDP moieties, which were subsequently depopulated by the 
intramolecular electron transfer between the MSBDP moieties and the SiPc core. 
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Figure 3.9. Fluorescence spectra of 3.1,33, and 3.4 in toluene with equal absorbance 
at the excitation position at 470 nm. 
It was also found that upon excitation of the MSBDP moiety in the pentad 
SiPc(MSBDP-BDP)2 (3.1) at 544 nm, the MSBDP emission at ca. 586 nm was greatly 
reduced compared with that for BDP-MSBDP 3 3 (Figure 3.10). No emission band at 
686 nm due to the SiPc core was observed. These results showed that the fluorescence 
of the pentad 3.1 was largely quenched, probably by an electron transfer process. 
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Figure 3.10. Fluorescence spectra of 3.1 and 3 3 with equal absorbance at the 
excitation position at 544 nm in toluene. 
In addition, upon excitation of the SiPc core at 613 nm (Figure 3.11), the 
reference compound 2.8 gave an emission peak at 686 nm, while no fluorescence was 
detected for the pentad SiPc(MSBDP-BDP)2 (3.1). Because energy transfer from the 
SiPc core to the MSBDP moiety is energetically unfavorable, the fluorescence 
quenching of pentad 3.1 should be mainly attributed to the electron transfer process 
between the MSBDP unit and the SiPc core. 
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Figure 3.11. Fluorescence spectra of 2.8 and the pentad SiPc(MSBDP-BDP)2 (3.1) 
with equal absorbance at the excitation position at 613 nm in toluene. 
Table 3.1 summarizes the absorption and fluorescence data for BDP-MSBDP 3.3, 
pentad SiPc(MSBDP-BDP)2 (3.1), and the reference compounds 3.2,3.4,3.5, and 2.8. 
It can be seen that upon excitation of the BDP moiety, the fluorescence quantum yield 
(Of) drops from 0.94 (for 3.4) to 0.005 (for BDP-part of 33), mainly due to the 
energy transfer effect. Upon excitation at BDP-part, the value of Op for MSBDP-part 
emission for 3.3 is significantly lower than that of the MSBDP-part excitation [Op = 
0.26 vs. 0.33 with reference to rhodamine B in ethanol (<DF = 0.49)2]. j j^貼，add i t i on 
to energy transfer, electron transfer is also a competitive process in BDP-MSBDP 33. 
For the pentad 3.1, the value of SiPc core emission is also reduced (Op = 0.01) 
compared with that of the reference compound 2.8 (Op = 0.43). The results suggest 
that the fluorescent quenching is caused by an effective electron transfer process. 
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Table 3.1. Absorption and fluorescence data for the pentad 3.1 and the reference 
compounds 3.2,33,3.4,3.5, and 2.8 in toluene. 
OF" 
Dye ^max (nm) (log 8) � m (nm) BDP-part MSBDP-part SiPc-part 
excitation excitation excitation 
3.2 504 (5.09) 523® - - -
3.3 506 (5.03)，584 (5.03) 518", 593a 
0.005", 
0.26^ 0.33 f -
3.1 
507 (5.24)，586 (5.26)， 




0.003 g 0.01 g 
3.4 502 (4.99) 514' 0.94' - -
3.5 572 (5.07) 585b - 0.57^ -
2.8 683(5.37) 686' - - 0.43^ 
%x=470 nm = nm % x = 613nm 
d With reference to rhodamine B in ethanol (<1>F = 0.49)2 (for BDP-part and MSBDP-part emission 
of 3.3，3.1,3.4，and 3.5) or H2TPP in DMF (Op = 0.11)^ (for SiPc-part emission of 2.8 and 3.1). 
e BDP-part emission ^ MSBDP-part emission ® SiPc-part emission 
3.2.4 Electrochemical Properties of the Pentad SiPc(MSBDP-BDP)2 (3.1) 
Cyclic voltammetic measurements were conducted to further study the electron 
transfer process between the BDP-MSBDP moiety and the SiPc core. Table 3.2 lists 
the electrochemical data for compounds 3.3 and 2.8. The data for 3.1 could not be 
obtained because of its poor solubility. 
As the BDP-MSBDP moiety and the SiPc core do not have significant 
ground-state interactions, it can be assumed that the pentad 3.1 retains the 
electrochemical properties of 3 3 and 2.8. By comparing the oxidation potentials of 
3.3 and 2.8, it can be concluded that the SiPc core is more difficult to oxidize than the 
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BDP-MSBDP unit. In other words, BDP-MSBDP is a better clcctrcn donor than SiPc. 
The SiPc corc，however, should be easier to rcducc than BDP-MSBDP according to 
their first reduction potentials. Therefore, the results suggest that in pentad 3.1，the 
HOMO lies in the BDP-MSBDP moiety while the LUMO centcrs in the SiPc corc. 
Tab!e 3.2. Elcctrochcmical data for compounds 3.3 and 2.8. 
Dye ^red/V EoJ\ 
3.3 -1.10 0.82 
2.8 -0.57,-1.11 1.13 
a Recorded with [Bu4N][PF6] as electrolyte in DMF (0.1 M) at ambient temperature 
with a .qcnn rr-e of 100 niV s '�. Potentials were rcfcrcnccd to a ^ntiirntcd cnlomel 
electrode (SCE) using fcrroccnc as an internal standard (Fin = + 0.3S V vj. SCE) 4 
The overall free energy change for the clcctrcn transfer process (eT) was 
determined by the Rchm-Wdler equation (Section 2.2.3).^'^ 0,i the basis cf the 
clcctrochcmical data (Table 3.2) and the value of M(0，0) estimated from the 
absorption position of the BDP-MSBDP moiety [AE{0,0) = (// x c) / = 
2.12 cV], the value cf >G° was determined to be 0.73 cV, showing that the eT from 
the BDP-MSBDP moiety to fcc SIPc corc is a thcrmodynamically favorable rroccss. 
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3.3 Conclusion 
In conclusion, we have synthesized and characterized another novel artificial 
phctosynthctic model. The pentad SiPc(MSBDP-BBP)2 (3.1) has strong absorptions 
covering a large portion of the visible spcctmni. Upon BDP-part excitation, it exhibits 
sequential energy transfer from the BBP moieties to the MSBDP moieties，followed 
by electron transfer to the SiPc corc, in analogy to the primary steps cf natural 
photosynthesis. 
3.4 Experimental Section 
3.4.1 General 
The general procedure for solvent purification and details for instranicntal 
analysis have been described in Section 2.4.1. 
3.4.2 Synthesis 
Bis(BD?) 3.2. Three drops of trifluoroacetic acid (TFA) were added to a mixture 
of terephthaldicarboxaldehyde (0.21 g, 1.58 mmoi) and 2,4 dimcthylpyrrolc (0.60 g^  
6.31 mmol) in TIIF (90 niL). The mixture was stirred at room temperature overnight. 
A solution of 2,3-dichlorG-5,6-dicyano-l,4 bcnzoquinone (DDQ) (0.72 g^  3.16 mmol) 
in TIIF (120 ir_L) was added, and the mixture was stirred for a ilirthcr 4 h. After the 
addition of tricthylaniinc (16 niL), BF3*OEt2 (16 niL) was added dropwisc while 
keeping the mixture atO'C. It was followed by continiioiis stirring at room temperature 
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overnight. The mixture was filtered through a pad of celite to remove the black solid, 
which was washed with CH2CI2. The filtrate was rotary evaporated to dryness. The 
residue was dissolved in CH2CI2 (180 mL). The solution was washed with 5% 
NaHCOs solution (200 mL), followed with H2O (200 mL x 2)，and then dried over 
anhydrous MgSCU. The crude product was purified by silica gel column 
chromatography using CH2CI2 / hexanc (1:1 v/v) as elucnt. Compound 3.2 was 
obtained as an orange solid (0.22 g，24%). Rf [silica gel, CH2CI2] = 0.66. ^H NMR 
(300 MHz, CDCI3): 6 7.52 (s, 4 H，Pli-H), 6.01 (s，4 H，pyrrole-H), 2.58 (s，12 H, 
CH3), 1.53 (s, 12 II，Clh)； MS (FAB): an isotopic cluster peaking at miz : 570 {100%, 
[M]+}; HRMS (FAB): m!z calcd for C32H32B2F4N4 [M]"": 570.2741, found 570.2755. 
BD?-MSBDP 3.3. A mixture of compoimd 3.2 (130 mg, 0.23 mmol), 
4-hydroxybenzaldehyde (26 mg, 0.21 mmol), glacial acetic acid (1.5 ml), piperidine 
(1.8 ml), and Mg(C104)2 (around 0.4 g) in toluene (130 ml) was refluxcd for 5 h. The 
water formed during the reaction was removed azeotropically using a Dean-Stark 
apparatus. The crude product was concentratcd in vacuo. The residue was subject to 
silica gel column chromatography using CH2CI2 as eluent. The orange fraction 
containing compound 3.2 was collcctcd and rccovcrcd (90 mg). The pink colored 
fraction was colkctcd and the solvent was removed under rcduced pressure. The 
cnide product was fbrthcr purified by rccr>-5tallization from a mixture of CH2CI2 and 
hcxane to give the desired product BDP-MSBDP 3.3 as a purple solid (18 mg，38%). 
Rf[silica gel, CH2CI2] = 0.11. ^H NMR (400 MHz, acetone-^): 6 8.8S (s, 1 H’ Oil), 
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7.72-7.81 (m, 4 H, Ph-H), 7.46-7.61 (m，4 H，overlapping Ph-H and CH=CH), 6.95 (d， 
y = 8.0，2 H, Ph-H), 6.88 (s, 1 H，pyrrole-H), 6.18 (s, 3 H, pyrrole-H), 2.57 (s, 3 H, 
CHs), 2.54 (s, 6 H, CH3)，1.67 (s, 3 H, CH3), 1.63 (s, 9 H, CH3); MS (FAB): an 
isotopic cluster peaking at w/z : 674 {100%, [M]+}; HRMS (FAB): miz calcd for 
C39H36B2F4N4O [M]+: 674.3006, found 674.2992. 
Pentad SiPc(MSBDP-BDP)2 (3.1). A mixture of compound 3 3 (80 mg, 0.12 
mmol), silicon phthalocyanine dichloride (16 mg, 0.03 mmol), and a small amount of 
pyridine (0.5 mL) in toluene (15 mL) was refluxed for 8 h. The reaction mixture was 
rotary evaporated to dryness. The residue was subject to silica gel column 
chromatography using CHCI3 as eluent. The purple fraction was collected and the 
solvent was removed under reduced pressure. The crudc product was further purified 
by size exclusion chromatography and rccrystallization from a mixture of CHCI3 and 
hexane to give SiPc(MSBDP-BDP)2 (3.1) as a purple solid (40 mg，80%). Rf [silica gel， 
CHCI3] == 0.73. iH NMR (400 MHz，CDCI3): 6 9.62-9.74 (m, 8 H，a-H), 8.33-8.46 
(m, 8 H, p-H)，7.44 (s, 8 H, Ph-H), 6.76 (d, J= 16.4 Hz, 2 H, CH=CH), 6.37 (d, J = 
16.4 Hz, 2 H, CH=CH), 6.20 (s, 2 H, pyrrole-H)，5.98 (s, 2 H，pyrrole-K)，5.97 (s, 2 H, 
pyrrole-H)，5.94 (s, 2 H, pyrrole-H), 5.87 (d, 8.4 Hz, 4 H, Ph-H), 2.55 (s, 12 H, 
CH3), 2.48 (s, 6 H，CH3), 2.46 ( d ， 8 . 8 Hz, 4 H，Ph-H), 1.48 (s，6 H, CH3), 1.46 (s， 
12 H, CH3), 1.40 (s，6 H, CH3); MS (MALDI-TOF): an isotopic cluster peaking at m/z 
1213 {100%, [M - C39H35B2F4N40f}; HRMS (MALDI-TOF): m/z calcd for 
C7iH5iB2F4N,20Si [M - C39H35B2F4N40] :^ 1213.4216, found 1213.4255. 
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BDP 3.4.7 Several drops of TFA were added to a solution of benzaldehyde (0.34 
g, 3.16 mmol), and 2,4-dimethylpyiTole (0.60 g, 6.31 mmol) in THF (90 mL). The 
resulting mixture was stirred at room temperature overnight. A solution of DDQ (0.72 
g, 3.16 mmol) in THF (120 mL) was added, and stirring was continued for another 4 h. 
After the addition of triethylamine (16 mL)，BF3*OEt2 (16 mL) was added dropwise 
while keeping the mixture at O'C. It was followed by continuous stirring at room 
temperature overnight. The reaction solution was filtered through a pad of celite to 
remove the black solid, which was washed with CH2CI2. The filtrate was rotary 
evaporated to dryness. The residue was dissolved in CH2CI2 (180 mL). The solution 
was washed with 5% NaHCOs solution (200 mL) followed with H2O (200 mL x 2), 
and then dried over anhydrous MgS04. The crude product was purified by silica gel 
column chromatography using CH2CI2 / hexane (1:2 v/v) as eluent to give the product 
3.4 as an orange solid (0.60 g, 59%). Rf [silica gel, CH2CI2] = 0.74. ^H NMR (400 
MHz,CDCl3)： 6 7.44-7.53 (m, 3 H, Ph-H), 7.23-7.31 (m, 2 H, Ph-H), 5.98 (s, 2 H, 
pyrrole-H), 2.56 (s, 6 H, CH3), 1.37 (s, 6 H, CH3); NMR (100.6 MHz, 
CDCI3): 8 155.4,143.2,141.7,135.0,131.4,129.1，128.9,127.9，121.2,14.6,14.3. 
MSBDP 3.5. A mixture of compound 3.4 (486 mg，1.50 mmol), 
4-hydroxybenzaldehyde (248 mg, 2.03 mmol), glacial acetic acid (0.5 ml), piperidine 
(0.6 ml), and Mg(a04)2 (around 0.4 g) in toluene (40 ml) was refluxed for 2 h. The 
water formed during the reaction was removed azeotropically using a Dean-Stark 
apparatus. The mixture was concentrated in vacuo. The residue was then subject to 
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silica gel column chromatography using CH2CI2 as eluent. The pink colored fraction 
was collected and concentrated under reduced pressure. The crude product was further 
purified by recrystallization from a mixture of CH2CI2 and hexane to give the desired 
product 3.5 as a golden-green solid (50 mg, 10%). Rf [silica gel, CH2CI2] = 0.17. 
NMR (300 MHz, CDCI3): 8 7.43-7.59 (m, 6 H, Ph-H & CH=CH)，7.29-7.37 (m, 2 H， 
Ph-H), 7.18 (d，J = 15.9 Hz, 1 H, CH=CH), 6.84 (d, J= 8.7 Hz, 2 H, Ph-H), 6.59 (s, 1 
H, pyrrole-H), 6.00 (s, 1 H，pyrrole-H), 5.05 (s, 1 H, OH), 2.60 (s, 3 H，CH3), 1.43 (s， 
3 H, CH3), 1.39 (s，3 H, CH3); i3C{1H} NMR (100.6 MHz, DMSO-d6): 6 160.2, 154.5， 
154.4，143.5，142.4, 140.9，138.7，135.2，133.2，131.8, 130.3, 130.1, 129.1，128.2, 
122.1, 119.1，117.2, 115.8, 15.3，14.9;MS (FAB): an isotopic cluster peaking at m/z : 
428 {100%, [M]+}; HRMS (FAB): m/z calcd for C26H23BF2N2O [M]+: 428.1866, 
found 428.1862. 
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Chapter 4 
Novel Artificial Photosynthetic Models Constructed by 
Supramolecular Methodology 
4.1 Introduction 
Conversion of solar energy to electrochemical energy in natural photosynthesis 
involves two basic photochemical processes. Light of an appropriate wavelength is 
absorbed by light-harvesting chromophores, and the resulting electronic excitation 
energy initiates photoinduced electron transfer, generating an energetic 
charge-separated state. ^  With the progress in the research of synthetic light-harvesting 
antennas and the reaction centers,^ it is possible to mimic these two processes by 
using artificial photosynthetic models. 
Accordingly, two strategies have been employed to develop artificial 
photosynthetic models. The most widely used one is to link the reactive constituents 
via covalent bonds. In this way, the separation and orientation of the components can 
be adjusted in certain manner. Examples are porphyrin-fullerene based models with 
various energy donors.; The artificial photosynthetic models described in Chapter 2 
and Chapter 3 also fall into this category. 
However, in natural photosynthetic organisms, pigments such as chlorophylls 
and carotenoids are embedded in the elaborate protein matrices and are not covalently 
linked together to achieve a highly complicated as well as extremely efficient 
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system.3c Therefore, supramolecular methodology is another approach for the 
construction of artificial photosynthetic models. 4 
In this Chapter, two novel artificial photosynthetic models 4.1 and 4.2 which 
have been constructed via axial coordination, are described. It has been proved that 
upon excitation of the pyrene-part, an efficient energy transfer process takes place 
from the pyrene moieties to the BDP core/ The excited BDP then undergoes 
sequential electron transfer from the complexed porphyrin subimit (Figure 4.1). The 
results are reported in this Chapter. 
(1) ENT 
325 nm 
4.1 M = Zn 
4.2 M = Ru(CO) 
(2)eT 
Figure 4.1. Sequential energy and electron transfer processes in the supramolecular 
assemblies 4.1 and 4,2. 
82 
M.Phil. Thesis - Yingsi Huong 
4.2 Results and Discussion 
4.2.1 Preparation and Characterization 
The synthetic route of compound 4.6 is shown in Scheme 4.1. Compound 4.3 
was first prepared by Sonogashira coupling reaction using l-bromopyrene as a 
starting material. Sonogashira coupling reactions of aryl bromides have been widely 
reported.^ However, by following these procedures, only a small amount of product 
could be obtained in our hands. After several modifications, we found that by 
increasing the dose of Pd(PPh3)2Cl2 from 5 mol % to 36 mol %，the reaction yield of 
compound 4.3 could be increased from 17% to 71%. This compound then reacted 
with KF to afford compound 4.4 in 94% yield. The procedure for preparing compound 
4.5 was different from that reported in the previous two Chapters. The condensation 
step lasted for one week in CH2CI2, which served as a better solvent than THF7 Then, 
DDQ was added to induce the oxidation reaction. The resulting free indacene was 
isolated and underwent complexation reaction with BF3*OEt2 to give compound 4.5 in 
an overall yield of 28%. Finally, compound 4.5 was treated with the 1-ethynylpyrene 
(4.4) and wBuLi to afford compound 4.6 in 41% yield. 
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y (a) TFA，DDQ，CH2CI2 _ 
(b) NEtj, BFyEtzO, Toluene 
(overall 28%) 
Li, THF, -78 V i l J ^ 
(41%) 一 
Scheme 4.1. Synthesis of compound 4.6. 
The new compound 4.6 was characterized with various spectroscopic methods 
and elemental analysis. Figure 4.2 displays the ^H NMR spectrum of compound 4.6 in 
CDCI3. The signals for the two pyrene protons next to the ethynyl group are shifted 
downfield to 5 8.77, compared with that of the other pyrene protons resonating as a 
multiplet at 8 7.95-8.21. This is attributed to the electron withdrawing effect 
originated from the triple bond, 
assigned to the pyridyl protons, 
protons and methyl protons. 
The other two doublets at 8 8.83 and 7.48 can be 
and the remaining singlets are due to the pyrrolic 
84 
Figure 4.2. ^H NMR spectrum of compound 4.6 in CDCI3. The inset figure shows the 
enlarged region from 7.4 to 9.1 ppm; * denotes the residual solvent. 
The FAB mass spectrum of compound 4.6 shows two major peaks at m/z 512 
and 737, which are due to the ions [M - (ethynyl-pyrene)]^ and [M]+，respectively. 
The isotopic distribution of the molecular ion signals is in good agreement with the 
simulated pattern as shown in the inset of Figure 4.3. Accurate mass measurement 
also gave very satisfactory results. 
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ri, • • lam] 
fM - (ethynyl-pyrene)r 
800 BSO 900 
Figure 4.3. FAB mass spectrum of compound 4.6. The inset on the left is the 
observed isotopic distribution of the molecular ion signals, while the right inset is the 
corresponding simulated isotopic pattern. 
4.2.2 Ground-state Electronic Properties and Energy Transfer Process of 
Compound 4.6 
Figure 4.4 displays the normalized absorption spectra of compounds 4.4, 4.5, and 
4.6 in CHCI3. The absorption band of compound 4.6 at 506 nm overlaps with that of 
the 4-pyridyl BDP 4.5. However, the absorption positions of compound 4.6 in the 
pyrene-part are red shifted by 3-12 nm compared with that of 1-ethynylpyrene (4.4). 
Those results suggest that the ethynylpyrenyl groups and the 4-pyridyl BDP moiety 








M三 80^  75^  




35-： 30^  25-. 20i 
300 400 500 600 700 
Wavelength (nm) 
Figure 4.4. Normalized absorption spectra of 4.4,4.5, and 4.6 in CHCI3. 
Excitation of 1-ethynylpyrene (4.4) at 325 nm gave a strong fluorescence 
emission at 386 nm, as shown in Figure 4.5 (a). However, this signal almost could not 
be detected upon excitation of compound 4.6 at the same position. Instead, an 
emission peak at 519 nm appeared, which was due to the BDP unit of 4.6. The 
intensity was much stronger than that of 4-pyridyl-BDP 4.5 with the same absorbance 
at 325 nm. This observation suggested the presence of an efficient singlet-singlet 
energy transfer process in compound 4.6, from the excited pyrene moieties to the BDP 
moiety. This was confirmed by the excitation spectrum of 4.6 monitored at 519 nm, 
which resembles the absorption spectrum as shown in Figure 4.5 (b). 
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Figure 4.5. (a) Fluorescence spectra of 4.4, 4.5, and 4.6 with equal absorbance at the 
excitation position at 325 nm in CHCI3； (b) Normalized (at 506 nm) absorption and 
excitation (monitored at 519 nm) spectra of 4.6 in CHCI3. 
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Table 4.1 compiles the fluorescence as well as the electronic absorption data of 
compound 4.6 and the reference compounds 4.4 and 4.5 in CHCI3. The fluorescence 
quantum yield (OF ) of 4 . 4 in CHCI3 is 0.19，while that of the pyrene part of 4 . 6 is 
greatly reduced to 0.004. According to the equation: Oent = 1 - <l>F(dyad) / <I>F(donor),^  
where Oent is the energy transfer quantum y i e l d ， a n d <l>F(donor) are the 
fluorescence quantum yield of the dyad (the donor part) and the donor without 
connecting to the acceptor, respectively. The value of O E N T was estimated to be 0.98, 
showing that energy transfer is a very efficient process in 4.6. 
Table 4.1. Absorption and fluorescence data for the compounds 4.4, 4.5, and 4.6 in 
CHCI3.. 
Dye (nm) (log e) ^m(nm) Op 
4.4 273 (4.79)，284 (5.04), 343 (4.89)，359 (5.04) 386' 0.19^ 
4.5 506(4.99) 518" 
4.6 276 (4.82), 287 (5.05), 350 (4.94), 371 (5.06), 506 (4.96) 519" 0.004 
a Xex = 325 nm ^ Due to the donor part. 
4.2.3 Formation and Properties of Assembly 4.1 (ZnTPP.4.6) 
The complexation of ZnTPP and 4.6 was studied by using NMR 
spectroscopy. Figure 4.6 shows the enlarged ^H NMR spectra of their mixtures in 
different mole fractions in CDCI3. It can be seen that the signal of the methyl protons 
(a) at 6 1.52 is shifted upfield and broadened upon addition of ZnTPP. These 
observations clearly indicate the existence of axial coordination of the zinc(II) center 
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of ZnTPP with the pyridyl group of 4.6. The upfield shift of the methyl protons' 
signal is due to the ring current generated by the coordinated porphyrin. In addition, 
the ring current effect also makes the signal of the pyridyl protons of 4.6 shift upfield 
and broaden. The results suggest that the exchanging rate between the coordinated and 













i.e 1.1 1.0 OA ai 
Chemical Shift (ppm) 
Figure 4.6. ^H NMR spectra of mixtures of ZnTPP and 4.6 in different mole fractions 
in CDCI3. The total concentration was fixed at 4.0 mM. 
Figure 4.7 shows the corresponding Job's plot^ by monitoring the shift of the 
signal for protons (a) of 4.6. The maximum appears when the mole fraction of 4.6 is 
90 
0.2 0.4 0.6 0.8 1.0 
Mole Fraction of 4.6 
Figure 4.7. Modified Job's plot for the complexation of ZnTPP and 4.6 in CDCI3 by 
monitoring the shift of the 'H NMR signal of the methyl protons (a) of 4.6. 
The absorption spectra of ZnTPP, 4.6, and their 1:1 mixture in CHCI3 are 
displayed in Figure 4.8. It can be seen that the major absorption bands of the 1:1 
mixture of ZnTPP and 4.6 are virtually unshifted compared with those of the 
individual components. These observations indicate that ZnTPP and 4.6 do not have 
significant ground-state interactions in the assembly 4.1 (ZnTPP*4.6). 
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ZnTPP + 4.6 
ZnTPP 
4.6 
yLAJ LA^ K) 500 600 
Wavelength (nm) 
800 
Figure 4.8. Absorption spectra of ZnTPP (10.0 \iM), 4.6 (10.0 \xM), and their 1:1 
mixture (equal concentration at 10.0 ^M) in CHCI3. 
The formation of the supramolecular assembly 4.1 (ZiiTPP*4.6) was also studied 
by fluorescence spectroscopy. Figure 4.9 shows the change in fluorescence spectrum 
of 4.6 upon titration with ZnTPP. The fluorescence emission corresponding to 
compound 4.6 at ca. 519 nm diminished gradually. The quenching of the emission of 
4.6 by addition of ZnTPP was likely due to a photoinduced electron transfer process. 
No emission of ZnTPP was observed when the mixture was excited at 470 nm, which 
excluded an energy transfer pathway. The association constant K for the assembly 4.1 
(ZnTPP*4.6) was determined by the Benesi-Hildebrand equation:^^ 1 她 _ 7) = 1/^ 4 + 
l / (^^ZnTPP]) , where k and /represent the fluorescence intensity of 4.6 without the 
addition of ZnTPP and with the addition of ZnTPP, respectively, and ^ is a constant 
related to the difference in the emission quantum yield of the complexed and 
uncomplexed 4.6. By ploting W o -1) vs. l/[ZnTPP] (inset of Figure 4.9)，a straight 
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line was obtained from which the value of K was determined. By repeating the 







1000 1 ^J™ 
Wavelength (nm) 
Figure 4.9. Change in the fluorescence spectrum of 4.6 (10.0 \ jM) upon titration with 
ZnTPP (from 0 to 100.0 |iM) in CHCI3 (Kx = 470 nm). The inset shows the 
corresponding Benesi-Hildebrand plot for determining their association constant. 
The fluorescence titration was also conducted by switching the excitation 
wavelength to 325 nm, where the pyrene moieties absorb. As shown in Figure 4.10， 
the fluorescence of 4.6 decreases rapidly upon addition of ZnTPP, and the rate is 
faster than that observed when the compound was excited at 470 nm (Figure 4.9). 
This observation provides a strong evidence of the presence of sequential energy and 
eletron transfer processes within the supramolecular assembly 4.1 (ZnTPP*4.6). 
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Wavelength (nm) 
Figure 4.10. Change in the fluorescence spectrum of 4.6 (10.0 [iM) upon titration 
with ZnTPP (from 0 to 100.0 ^M) in CHCI3 (Xex = 325 run). 
In addition to the spectroscopic studies, electrochemical studies using cyclic 
voltammetric and differential pulse voltammetric techniques were also performed to 
evaluate the electrochemical potentials of ZnTPP and 4.6. The data are listed in Table 
4.2. 
By comparing the oxidation potentials of these two compounds, it can be 
concluded that component 4.6 is more difficult to oxidize than ZnTPP, which 
predicts that ZnTPP is a better electron donor within the assembly 4.1 (ZnTPP*4.6). 
Component 4.6, however, should be easier to reduce according to its less negative first 
reduction potential. Therefore, the results suggest that electron transfer takes place 
from ZnTPP to 4.6 in the assembly 4.1. 
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confirms the 1:1 binding stoichiometry and the formation of the assembly 4.2 
[Ru(CO)TPP*4.6]. 
500 550 600 
Wavelength (nm) 
650 
Figure 4.11. Fluorescence spectra of mixtures of 4.6 and Ru(CO)TPP in CHCI3 
(excited at 470 nm). The total concentration of the two compounds was fixed at 10.0 
i^M. The inset shows the corresponding Job's plot by monitoring of the area of the 
fluorescence peak. 
The absorption spectra of Ru(CO)TPP, 4.6, and their 1:1 mixture are shown in 
Figure 4.12. Similar to the assembly 4.1, the major absorption bands of the mixture of 
Ru(CO)TPP and 4.6 are virtually unshifted compared with the individual components 
in CHCI3. The result indicates that Ru(CO)TPP and 4.6 do not have significant 
ground-state interactions in the assembly 4.2�Rii(CO)TPP»4.61. 
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Figure 4.12. Absorption spectra of ZnTPP (10.0 pM), 4.6 (10.0 ^iM), and their 1:1 
mixture (equal concentration at 10.0 i^M) in CHCI3. 
Figure 4.13 shows the change in fluorescence spectra of 4.6 upon titration with 
Ru(CO)TPP. Due to the photoinduced electron transfer mechanism, the fluorescence 
emission due to 4.6 diminished gradually, and the decreasing rate was faster than that 
of system 4.1. Upon excitation at 470 nm, no emission due to Ru(CO)TPP was 
detected, indicating that an energy transfer pathway did not take place. According to 
the Benesi-Hildebrand plot, the association constant for the assembly 4.2 
[Ru(CO)TPP*4.61 was found to be (12 土 0.2)X lO* M' \ 
Similarly, upon excitation at 325 nm (absorption of pyrene moieties), 
fluorescence quenching of component 4.6 with the addition of Ru(CO)TPP could 
also be observed (as shown in Figure 4.14). This observation suggests the sequential 
energy and electron transfer processes in the assembly 4.2 [Ru(CO)TPP*4.6]. 
a v u B q J o s q v 
2 o 
520 560 600 
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640 
Figure 4.13. Change in the fluorescence spectrum of 4.6 (10.0 fiM) upon titration 
with Ru(CO)TPP (from 0 to 25.0 ^M) in CHCI3 = 470 nm). The inset represents 
the corresponding Benesi-Hildebrand plot for determining their association constant. 
p 
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Figure 4.14. Change in the fluorescence spectrum of 4.6 (10.0 ^M) upon titration 
with Ru(CO)TPP (from 0 to 25.0 \lM) in CHCI3 {Kx = 325 nm). 
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To further examine the clcctron transfer process in the assembly 4.2 
[Ru(CC)TFF*4.6j, ekctocheiiiical nicasurcincnts were condactcd. Tubic 4.3 
compiles ihe redox protcntlals ofRu{CO)TP? and 4.6. 
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4.6 -1.18 1.13*, 1.23* 
Ru{CO)TPP -1.50 0.88，1.24* 
a Recorded with [Bo^Nprfe] as electrolyte in DMT (0.1 M) at ambient temperature 
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To further examine the electron transfer process in the assembly 4.2 
[Ru(CO)TPP*4.6], electochemical measurements were also conducted. Table 4.3 
compiles the redox protentials of Ru(CO)TPP and 4.6. 
By comparing the electrochemical data of these two compounds, it can be 
confirmed that in the assembly 4.2 [Ru(CO)TPP.4.6], Ru(CO)TPP would be a 
better electron donor, and 4.6 is a better electron acceptor. 
Table 4.3. Electrochemical data for compounds 4.6 and Ru(CO)TPP. 
Compound ErJV 五ox/V 
4.6 -1.18 1.13*, 1.23* 
Ru(CO)TPP -1.50 0.88，1.24* 
a Recorded with [Bu4N][PF6] as electrolyte in DMF (0.1 M) at ambient temperature 
with a scan rate of 100 mV s'\ Potentials were referenced to a saturated calomel 
electrode (SCE) using ferrocene as an internal standard {Em = +0.38 V vs. SCE).^ ® 
* Measured by differential pluse voltammetry. 
By using the Rehm-Weller equation (Section 2.2.3),"''^ the overall free energy 
change for this electron transfer process (eT) AG° was determined to be -0.37 eV, 
upon excitation of 4.6. The result again suggests that the excited 4.6 induces electron 
transfer from Ru(CO)TPP to 4.6, which is thermodynamically favorable in the 
assembly 4.2 [Ru(CO)TPP*4.6]. 
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4.2.5 Comparison of the Assemblies 4.1 and 4.2 
The values of the association constant and free energy change of the electron 
transfer processes for the assemblies 4.1 and 4.2 are summarized in Table 4.4. The 
value for the assembly 4.1 (ZnTPP*4.6) falls into the range reported for the 
complexation of ZnTPP with pyridine (610-25100 M"、，which appears to be 
significantly affected by the solvent.'^ It is also comparable with the values reported 
for the binding between other pyridine derivatives with ZnTPP. Expectedly, the 
binding of 4.6 with Ru(CO)TPP in 4.2 [K = (2.2 土 0.2) X 1 N T ” is stronger than the 
binding of 4.6 with ZnTPP in 4.1 [A： = (2.3 土0.5) X 10^  M^ ]^. This is because Ru(II) 
has unsaturated 4d orbitals that favor the binding electron rich pyridyl groups, while 
Zn(II) has a close-shell electronic configuration. 
Apparently, the trend is in contrast to that observed for the free energy change of 
the electron transfer process. The electron transfer process of assembly 4.1 
(ZnTPP.4.6) (AG° = -0.49 eV) is more thermodynamically favorable than that of 
assembly 4.2 [Ru(CO)TPP.4.61 ( A G � = -0.37 eV). It is because the electron transfer 
depends on the redox properties of the components. A stronger binding between the 
component does not guarantee a more efficient electron transfer process. 
100 
M.Phil. Thesis - Yingsi Huong 
Table 4.4. Comparison of the association constants K and free energy change AG° of 
the electron transfer processes for the assemblies 4.1 and 4.2. 
4.1 4.2 
KIM^ (2.3 土 0.5) XI03 (2.2 士 0.2) XI04 
AG®/eV -0.49 -0.37 
4.3 Conclusion 
In summary, we have prepared two supramolecular assemblies 4.1 and 4.2. The 
complexation processes of these assemblies have been investigaed by using various 
spectroscopic methods. As artificial photosynthetic models, both arrays exhibit 
sequential energy transfer from the excited pyrene moieties to the BDP unit, followed 
by electron transfer from the metal prophyrin to the BDP unit. 
4.4 Experimental Section 
4.4.1 General 
The general procedure for solvent purification and details for instrumental 
analysis have been described in Section 2.4.1. 
Elemental analyses were performed by the Shanghai Institute of Organic 
Chemistry, Chinese Academy of Sciences. 
For the fluorescence quantum yield measurements, anthracene in ethanol was used as 
the reference (Oref= 0.27).^^ 
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4.4.2 Synthesis 
1-Trimethylsilylethynylpyrene (43)/^ A mixture of l-bromopyrene (0.2 g, 
0.7 mmol), Pd(PPh3)2Cl2 (0.18g, 0.25 mmol), PPhs (4 mg，0.002 mmol), 
trimethylsilylacetylene (0.20 mL，1.4 mmol), and triethylamine (0.20 mL, 1.4 mmol) 
in THF (6 mL) was stirred at room temperature for 20 min, then Cul (1.2 mg, 0.006 
mmol) was added. The mixture was stirred for 3 days, then the solvent was 
evaporated in vacuo. The residue was treated with pentane and the mixture was 
filtrated through a pad of Celite. The solvent was removed and the crude product was 
purified by silica gel column chromatography with hexane as eluent. Compound 4.3 
was obtained as a black solid (0.15 g, 71%).及f [silica gel, hexane/dichloromethane 
6:1 v/v] = 0.47. ^H NMR (400 MHz, CDCI3): 8 8.57 (d, J = 9.2，2 H, Ph-H), 
8.00-8.28 (m, 8 H, Ph-H), 0.39 (s，9 H, CH3). 
1-Ethynylpyrene (4.4)/^ KF (50 mg，0.75 mmol) was added to a solution of 4 3 
(0.11 g, 0.38 mmol) in THF/methanol 1:1 v/v (150 mL). The resulting mixture was 
stirred at room temperature for 2 days. The solvent was then removed in vacuo and 
the crude product was purified by silica gel column chromatography with hexane as 
eluent. Compound 4.4 was obtained as a gray solid (79.7 mg, 94%). Rf [silica gel, 
hexane] = 0.46. NMR (400 MHz, CDCI3): 6 8.60 (d，J = 9.2，2 H, Ph-H), 
8.00-8.28 (m, 8 H, Ph-H), 3.63 (s, 1 H, pyrC^H). 
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4-Pyridyl-BDP Three drops of TFA were added to a solution of 
4-formylpyridine (0.21 g, 1.9 mmol) and 2,4-dimethylpyrrole (0.40 g, 4.2 mmmol) in 
dichloromethane (120 mL). The mixture was stirred at room temperature for 7 days. A 
solution of DDQ (0.42 g, 1.9 mmol) in dichloromethane (130 mL) was added, and 
stirring was continued for another 4 h. The solution was washed with a saturated 
aqueous solution of NaHCOs (100 mL). The organic layer was dried over MgS04. 
The mixture was concentrated in vacuo and the residue was eluted with 
dichloromethane through a short alumina column to purify the free indacene. After 
removing the solvent, the intermediate product was dissolved in toluene (200 ml). 
Triethylamine (1 mL) and BF3*OEt2 (1 mL) were then added to the solution, and the 
mixture was stirred at room temperature for one day. The mixture was then washed 
with a saturated aqueous solution of NaHCOs (100 mL) and dried over MgS04. The 
crude product was purified by silica gel column chromatography (gradient 
CH2Cl2/hexane from 1:1 to 9:7 v/v). Compound 4.5 was obtained as an orange solid 
(0.17 g, 28%). [silica gel, hexane/dichloromethane 1:1 v/v] = 0.49. ^H NMR (400 
MHz, CDCI3): 8 8.79 (d, J= 5.6，2 H，pyridine-H), 7.31 (d, J= 6.0,2 H, pyridine-H), 
6.01 (s, 2 H, pyrrole-H), 2.56 (s，6 H, CH3), 1.41 (s, 6 H, CH3); NMR (100.6 
MHz, CDCI3): 8 156.5,150.7，143.6，142.7, 137.7，130.4,123.3，121.8,14.6. 
Bis(ethynylpyrenyl) substituted 4-pyridyl-BDP 4.6. «-BuLi (0.8 mL, 1.24 
mmol) was added dropwise to a stirred, degassed solution of 1-ethynylpyrene (0.10 g， 
0.44 mmol) in THF (6 mL). The mixture was stirred at - 7 8 � C for 1.5 h, then it was 
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transferred via cannula to a solution of 4.5 (68 mg, 0.21 mmol) in THF (12 mL). The 
mixture was then kept at 0 °C until the complete consumption of the starting material 
was observed. The mixture was quenched with water (2 mL), then extracted with 
dichloromethane (50 mLx 2). The organic portion was concentrated in vacuo and the 
residue was subject to column chromatography (AI2O3, CH2Cl2/hexane from 1:1 to 
2:1 v/v) to give the desired compound 4.6 (64 mg，41 %). Rf [alumina, 
hexane/dichloromethane 1:1 v/v] = 0.36. ^H NMR (400 MHz, CDCI3): 8 8.83 (d, J = 
4.4，2 H, pyridine-H), 8.77 (d, J= 8.8，2 H, Ph-H)，7.95-8.21 (m, 16 H, Ph-H)，7.48 (d, 
J =4.4, 2 H，pyridine-H), 6.22 (s, 2 H, pyrrole-H), 3.17 (s, 6 H, CH3), 1.52 (s, 6 H, 
CH3); i3c{1H} NMR (100.6 MHz, CDCI3): 8 156.5,150.6,144.2,140.9，138.0，132.1, 
131.3, 131.2，130.5, 129.7，128.9, 128.0，127.6，127.3，126.1, 125.2, 124.6，124.4, 
123.7，122.4, 120.1, 95.1, 16.7,15.0; MS (FAB): isotopic clusters peaking at m/z : 512 
{100%, [M - CI8H9]+}，737 {44%, [M]+}，HRMS (FAB): m/z calcd for C54H36BN3 
[M]+: 737.2997, found 737.2998. Anal. Calcd. for C54H36BN3: C, 87.96; H，4.88; N, 
5.70. Found: C, 87.93; H, 5.16; N, 5.56. 
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'!I NMR (CDCI3) and NMR (CDCI3) spectra of compound 2.7 
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NMR (CDCI3) spectra of compound 3.1 
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NMR (CDCI3) and NMR (CDCI3) spectra of compound 4.5 
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